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INTRODUCTION 
Mercury contamination of the 

aquatic environment became well 
known as a serious problem after the 
tragedy of Minamata, Japan, in the 
1950s. A rash of deaths, neurological 
disorders, and birth defects were traced 
to a diet of fish and shellfish contami- 
nated with mercury from industrial 
wastes (U.S. Dep. Health, Educ., and 
Welfare 1970). Numerous other cases 
of mercury poisoning of humans and 
piscivorous wildlife were reported 
throughout the world in the 1960s 
(Sheffy 1987). This new awareness re- 
sulted in the U.S. Food and Drug Ad- 
ministration (FDA) establishing a 
limit of 0.5 pg Hg/g wet weight in fish 
marketed for human consumption.* In 
the late 1970s the FDA limit was in- 
creased to 1.0 pg/g. In 1986 Wisconsin 
lowered its standard to the current 0.5 
pglg. 

Simultaneously, studies in Scandi- 
navia and Canada showed that many 
lakes that had not received industrial 
discharges contained fish with high 
concentrations of mercury (Johnels et 
al. 1967, Wobeser 1970). These lakes 
were poorly buffered and were being 
acidified by precipitation. 

In Wisconsin, testing for mercury in 
fish began in the early 1970s, after the 
Wisconsin Department of Natural Re- 

2 
* The unit of pg Hg/g set weight is also re- 

ferred to as ppm (parts per million). 

sources (DNR) and other environmen- 
tal groups became aware of the serious- 
ness of mercury contamination in the 
environment. High mercury concentra- 
tions in fish and sediments were discov- 
ered in waters that had received indus- 
trial discharges containing mercury 
wastes (Kleinert and Degurse 1971, 
Konrad 1971). As the association be- 
tween high fish mercury concentrations 
and remote, soft-water lakes was fur- 
ther documented in the 1970s, the 
DNR's fish-testing program shifted its 
focus to soft-water lakes in northern 
Wisconsin. After a study by Wiener 
(1983) found elevated mercury concen- 
trations in fish from several Wisconsin 
lakes with low pH, the DNR began to 
monitor the region's lakes with both 
the lowest pH and abundant predator 
fish populations (Lee Liebenstein, Wis. 
Dep. Nat. Resow., pers. comm. 1987). 

As a result of this testing, 14 lakes 
were placed on an official health advi- 
sory released by the DNR and the Wis- 
consin Division of Health in April 
1985. The advisory used the Wisconsin 
standard of 0.5 pg/g and the fact that 
the half-life of mercury in humans is 
70-80 days (Miettinen et al. 1971). The 
advisory sought to limit mercury con- 
sumption so that no more than 1.5 pg 
would accumulate in tissue. Children 
and pregnant and nursing women were 
identified as being a t  particular risk 
from mercury contamination. As more 
lakes were tested, further health ad- 
visories were issued in July 1986 and 

April 1987, when 52 and 90 lakes, re- 
spectively, were identified as having el- 
evated mercury concentrations in pred- 
ator fish, including walleye (Stiz- 
ostedion aitreum oitreum (Mitchill)). 

From the 1985 fish advisory, partic- 
ular concern arose about the extent of 
mercury contamination of walleye in 
Wisconsin's soft-water lakes, most of 
which are located in northern Wiscon- 
sin's tourism region. Because the wall- 
eye has traditionally been one of Wis- 
consin's most prized game species for 
sport fishing as well as eating, the po- 
tential impact to the people of northern 
Wisconsin was serious. This region has 
also received considerable attention 
about the effects of acid deposition on 
its poorly buffered lakes. 

The objectives of o w  study, which 
began in late spring of 1985, were to 
provide information about the mercury 
contamination of walleyes in lakes 
throughout the state and to document 
the water and sediment chemistry 
characteristics associated with high 
concentrations of mercury in fish. Ad- 
ditional objectives were to test a Swed- 
ish model (Hakanson 1980) that pre- 
dicted fish mercury concentrations 
from lake data and to evaluate or de- 
velop a predictive model that could 
help identify other Wisconsin lakes 
with contaminated fish. To provide 
background material, we also reviewed 
the scientific literature concerning the 
cycling of mercury in lakes and the up- 
take of mercury by fish. 



BACKGROUND 

Mercury Cycle 

Mercury exists in many forms in the 
atmosphere, water, soil, and sediments. 
Some important inorganic forms are el- 
emental mercury (HgO), divalent mer- 
cury ( ~ g + 2 ) ,  and mercuric sulfide or 
cinnabar (HgS). Elemental and diva- 
lent mercury are the predominant 
forms in the atmosphere and water 
(Kudo et al. 1982), while cinnabar is 
commonly found in mineralized soils 
and sediments. Of the organic forms, 
methylmercury (CH3Hg+) is of par- 
ticular significance. Although present 
in small amounts (Kudo et al. 1982), 
methylmercury is important in aquatic 
systems because it can accumulate in 
organisms (Westoo 1973) and cause se- 
vere health problems in humans. 

Atmospheric mercury originates 
from both natural and anthropogenic 
sources. Natural processes such as vol- 
atilization from soil and rocks, volcanic 
activity, vaporization from aquatic 
systems, and biological activity ac- 
count for most of the naturally released 
mercury in the atmosphere (Natl. 
Acad. Sci. 1978). Anthropogenic 
sources of mercury in the atmosphere 
include power plant emissions, cinna- 
bar mining operations, and other man- 
ufacturing and industrial processes 
(Quinn 1985). The global atmospheric 
mercury burden has increased in the 
past century with anthropogenic 
sources now accounting for 25-30% of 
the total (Andren and Nriagu 1979). 
Mercury cycles continuously through 
the environment, returning to the 
earth primarily in rain and snow and 
through gas exchange with aquatic sur- 
faces (Natl. Acad. Sci. 1978). 

The mercury cycle in lakes includes 
sediments, water, and biota. Besides 
the naturally existing mercury in sedi- 
ments and water, mercury may come 
from anthropogenic sources. Sources of 
this mercury may be sewage or indus- 
trial efnuents (Syers et al. 1973) or in- 
dustrial emissions entering lakes in pre- 
cipitation. Because atmospheric 
mercury remains in the air for up to 11 
days (Natl. Acad. Sci. 1978), it can be 
transported over long distances, enter- 
ing a watershed far from the point of 
emission. Consequently, even lakes in 
remote areas could receive significant 
amounts of mercury. 

The low solubility of elemental mer- 
cury in water and the tendency for di- 
d e n t  mercury to complex with dis- 
solved and particulate matter result in 
rapid deposition of mercury into the 
sediments of aquatic systems (Kudo et 
al. 1982). Over 90% of the mercury in 
lake systems is in sediments (Faust and 
Aly 1981), though only a small amount 

is available to biota (Jernelov 1972). 
Divalent mercury forms largely insol- 
uble complexes with minerals in sedi- 
ments, and only certain aerobic bacte- 
ria that cannot live in the deeper anoxic 
sediments can release the mercury for 
other uses. 

The mercury in surficial sediment 
layers is used by microorganisms to 
transform inorganic mercury into 
methylmercury. These sediment mi- 
crobes are the primary source of 
methylmercury, though some biologi- 
cal methylation also occurs in the wa- 
ter column (Fuutani and Rudd 1980, 
Xun et al. 1987) and in the mucus of 
the bodies and intestinal tracts of fish 
(Rudd et al. 1980). In addition to bio- 
logical methylation, some chemical 
methylation of inorganic mercury may 
take place by the action of ultraviolet 
light in the surface waters (Summers 
and Silver 1978). 

Microorganisms produce two forms 
of methylmercury, monomethyl- and 
dimethyl-mercury. Dimethylmercury 
is produced in small amounts and is 
volatile, escaping easily from the water 
column (Wood 1974). Dimethylmer- 
cury is not taken up readily by fish. 
Conversely, monomethylmercury is 
less volatile and diffuses rapidly across 
cell membranes to bind with sulfydryl 
groups in proteins. This binding main- 
ta ins  a concentration gradient 
favorable for continual diffusion into 
fish. 

Methylmercury is released into the 
water column by microbes and taken 
up by fish and other organisms. Fish ac- 
cumulate methylmercury primarily by 
eating contaminated food and by ex- 
tracting mercury from water passing 
across their gill membranes during res- 
piration (Phillips et al. 1980, Rodgers 
and Beamish 1983). Accumulation is 
rapid due to the sulfydryl-group a n -  
ity of methylmercury; depuration, or 
release, is slow because of its high lipid 
solubility (Jernelov et al. 1975). The 
half-life, or time required to remove 
50% of the mercury from the body, is 
700 days for northern pike (Phillips 
and Buhler 1978), compared to 70-80 
days for humans. Thus, continual up- 
take and slow depuration may explain 
why older, larger fish tend to be more 
contaminated than smaller fish of the 
same species in similar lake conditions 
(Kleinert and Degurse 1971, Phillips et 
al. 1980). Also, piscivorous species, 
such as walleye and northern pike, tend 
to contain more mercury than plank- 
tivorous species (Scott 1974, Glazer 
and Bohlander 1978, Bloomfield et al. 
1980, Phillips et a]. 1980), in part be- 
cause of the position that piscivorous 
species occupy in the food chain 
(Jernelov 1972). 

Many microorganisms also 
demethylate mercury (Spangler et al. 
1973), and the balance between meth- 

ylation and demethylation may be an 
important determinant of the amount 
of methylmercury available to fish and 
other organisms. This balance may be 
dected by changes in the mercury in- 
put to the system and changes in the 
mobilization and cycling of the existing 
mercury as water conditions such as 
lake acidification vary. 

Lake Factors Affecting 
Mercury Uptake Rate by Fish 

Studies have shown negative corre- 
lations between pH and mercury con- 
centrations in fish. Wiener (1983) 
found that older walleyes from natu- 
rally acidic lakes in northern Wisconsin 
contained significantly more mercury 
than similarly aged fish from circum- 
neutral lakes in the same area. One 
year after a lake in northern Wisconsin 
was artificially acidified from a pH of 
6.0 to 5.5, yellow perch contained sig- 
nificantly more mercury than before 
the acidiication (Wiener 1986). Stud- 
ies on northern pike (Hakanson 1980, 
Verta et al. 1986) and sunfishes (Wren 
and McCrimmon 1983) showed a simi- 
lar negative relationship between lake 
pH and fish mercury concentrations. 

Researchers have investigated the 
mechanisms influencing met hylation 
rate. Decreasing the pH in anoxic sedi- 
ments below the surface layers de- 
creased the methylation rate (Ramlal 
et al. 1985), while in aerobic surKcial 
sediments the methylation rate in- 
creased with decreasing pH (Xun et al. 
1987). Verta et al. (1986) suggested 
that decreased pH may reduce the ad- 
sorption of mercury to particulate mat- 
ter, making it more available for meth- 
ylation or uptake. Low pH conditions 
were found to increase mucus produc- 
tion in fish, which could result in addi- 
tional mercury methylation (Varanasi 
et al. 1975). 

Scheider et al. (1979) reported that 
lakes with alkalinities < 300 peq/L con- 
tained walleyes with higher mercury 
concentrations than walleyes of similar 
lengths from lakes with higher alkalimi- 
ties. Akielaszek and Haines (1981) sug- 
gested that low alkalinity waters have 
less particulate matter with which mer- 
cury can complex, resulting in more un- 
bound mercury available to fish and 
microorganisms. Low calcium (Ca +2) 
waters also contained fish with high 
mercury concentrations. Researchers 
thought the uptake of mercury by fish 
in these waters was affected by 
calcium-mediated changes in gill per- 
meability (Rodgers and Beamish 
1983). At pH values >6.0 the effect of 
pH was minimal, though calcium ef- 
fects were still important (McWilliams 
and Potts 1978). Overall, evaluating 
the effects of pH on methylation rate is 



difficult because of the confounding ef- 
fects of low calcium concentrations and 
low alkalinities in low pH waters. 

Organic content of a lake may affect 
mercury availability. Inorganic and or- 
ganic mercury easily adsorb to  and 
form complexes with dissolved and par- 
ticulate organic matter (Faust and Aly 
1981, Rudd et al. 1983). How this rela- 
tionship affects fish mercury concentra- 
tions is unclear because of other impor- 
tant factors, such as lake productivity 
and lake ionic content. Productive 
lakes have high organic content from 
internal primary production. D'Itri et 
al. (1971) found that fish in more pro- 
ductive lakes contained the smallest 
amount of mercury. Along with 
Jernelov (1972), D'Itri et al. suggested 
that the anoxic conditions of eutrophic 
lakes facilitated the formation of mer- 
curic sulfide. This mercury cannot be 
released except by microbes in aerobic 
conditions. Because of the high organic 
content of productive lakes, some of 
the mercury that has complexed with 
particulate matter will settle into the 
sediments where mercuric sulfide can 
form (Hakanson 1980). 

Other lakes may be highly organic 
yet unproductive. Some reservoirs in 
Finland (Verta et al. 1986) and lakes in 
northern Minnesota and northern Wis- 
consin are highly organic because of hu- 
mic input from surrounding bog areas 
(Lillie and Mason 1983, Helwig and 
Heiskary 1985). These organic, unpro- 
ductive water bodies contain fish with 
high concentrations of mercury 
(Helwig and Heiskary 1985, Verta et 
al. 1986). 

Again, pH is a confounding factor in 
these studies that prevents a clear un- 
derstanding of the details of the rela- 
tionship of organic matter, lake pro- 
duc t iv i ty ,  and  fish mercury 
concentrations. The unproductive wa- 
ters tended to have low ionic content 
and high fish mercury concentrations, 
while the productive waters tended to 
have high ionic content and low fish 
mercury concentrations. Lake pH may 
aftect the associations of mercury with 
particulate and dissolved organic mat- 
ter, making mercury more or less avail- 

able to fish and microorganisms. There- 
fore the relationship among lake pH, 
organic content, the amount of mer- 
cury in the system, and the relative 
amounts of dissolved and particulate 
organic content may be an important 
determinant of how much mercury ul- 
timately will accumulate in fish. 

Other lake chemistry characteristics 
may influence the mercury concentra- 
tions in fish. Higher temperatures in- 
crease metabolic rate and mercury up- 
take (MacLeod and Pessah 1973, 
Rodgers and Beamish 1981). These re- 
sults suggest that seasonal and geo- 
graphic temperature variability will af- 
fect mercury uptake. The species mix 
of microbes (Natl. Acad. Sci. 1978) and 
the availability of sulfur and iron, 
which complex with mercury and each 
other, can also affect the availability of 
mercury for methylation and uptake 
(Rudd et al. 1983). 

These studies show clearly that wa- 
ter bodies containing fish with high 
concentrations of mercury share five 
characteristics: (1) low pH (Jernelov et 
al. 1975; Hakanson 1980; Stokes et al. 
1983; Wiener 1983, 1986; Wren and 
MacCrimmon 1983; Helwig and Heis- 
kary 1985); (2) low alkalinity (Scheider 
et al. 1979, Akielaszek and Haines 
1983, Helwig and Heiskary 1985); (3) 
low calcium (Helwig and Heiskary 
1985); (4) low productivity (D'Itri et 
al. 1971); and (5) high dissolved or- 
ganic content (Helwig and Heiskary 
1985, Verta et al. 1986). 

Northern Wisconsin contains many 
lakes with these limnological charac- 
teristics (Lillie and Mason 1983). By 
April 1986, 90 lakes mostly in this re- 
gion had been identitied as containing 
contaminated fish. Part of the mercury 
may come from natural sources be- 
cause few Wisconsin lakes suffer from 
point source mercury contamination. 
Increases in atmospherically borne 
mercury, however, may have increased 
the mercury levels in lakes in the past 
century. In those lakes with low buffer- 
ing capacity, acid deposition could in- 
crease the availability of mercury to 
fish by lowering the lake pH and reduc- 
ing the alkalinity. 

STUDY AREA 

Forty-three lakes throughout Wis- 
consin were sampled for this study. The 
lakes were selected to represent a broad 
range of pH and alkalinity. Included 
were both the acid-sensitive, low alka- 
linity lakes of northern Wisconsin and 
the hard-water lakes of southern Wis- 
consin. Although there are many more 
soft-water than hard-water lakes in 
Wisconsin (Lillie and Mason 1983), our 
initial study was designed to sample 10 
lakes in each of four pH ranges: <6.0, 
6.0-6.9,7.0-7.9, and 2 8.0. The Surface 
Water Inventory (SWI) of Wisconsin's 
lakes was used in the selection process 
(Wis. Dep. Nat. Resour. n.d.). 

The most important criterion for 
lakes selected in each pH category was 
the presence of walleye, which was de- 
termined from an SWI list of fish spe- 
cies. We also used other important cri- 
teria: lake area > 20 ha, lake depth > 3 
m, public access, and location propor- 
tional to  the distribution of natural 
lakes in Wisconsin. Impoundments and 
flowages were not selected because the 
deposition of sediments is increased by 
large river inflows. Flowages and inter- 
connected lakes were also avoided to 
ensure that each fish collected would 
have spent most of its l i e  in the same 
lake. Lakes with simple basin 
morphometry were preferred to those 
with more complex morphometry. 

While the above criteria were used 
in the selection process, some trade-offs 
had to be made. Our study depended on 
the DNR Bureaus of Fisheries Man- 
agement and Water Resources Man- 
agement for the collection and process- 
ing of fish for mercury analyses. The 
schedule for fish collections had previ- 
ously been decided by the bureaus for 
most of our study lakes. We tried to be 
objective in selecting lakes from the bu- 
reau lists. To have enough lakes in each 
of the four pH ranges, we requested 
that additional lakes be added to the 
list. Fish sampling from 10 of the 43 
lakes was conducted by personnel from 
the DNR Bureau of Research. 

--J 
Walleye (Stizostedion vitreum vitreum (Mitchill)) 



METHODS 
SAMPLE COLLECTION 
AND ANALYSIS 

Water 

Water parameters and constituents 
tested were Secchi depth, water tem- 
perature, dissolved oxygen, pH, total 
alkalinity, calcium, total phosphorus, 
chlorophyll-a, conductivity, and color. 
Each study lake was sampled twice 
during the summer of 1985 (late June 
to August) and once each during the 
following fall and winter. Chlorophyll- 
a was omitted from the winter sam- 
pling, and color and conductivity were 
omitted from one summer sampling 
date. 

Lakes were sampled at  the location 
of their deep holes. Secchi disc readings 
were measured with a 20cm diameter 
black and white disc. Water samples 
were collected with a 2.21iter Plexiglas 
Kemmerer sampler. To determine 
thermal stratification, vertical profiles 
of water temperature and dissolved ox- 
ygen were taken using a resistance 
thermometer and the modied Winkler 
method (Am. Public Health Assoc. 
1976), respectively. In addition, pH 
samples were collected at  water depths 
to characterize the trophogenic and 
tropholytic zones; the deepest sample 
was taken 1 m above the lake sedi- 
ments to represent the pH at  the sedi- 
ment-water interface. Water samples 
for the other constituents were col- 
lected just below the lake surface, ex- 
cept for the chlorophyll-a sample, 
which was a 0-2 m composite. 

Alkalinity, pH, and dissolved oxy- 
gen samples were analyzed immedi- 
ately upon return to shore. After initial 
calibration of the pH meter to buiTers 
of pH 7.0 and 4.0, all pH measurements 
for the sample depths were determined. 
Part of the surface sample was titrated 
with 0.02 N H2SO4 to a fixed pH end 
point of 4.5. If the alkalinity was < 500 
peq/L, the remaining sample was 
chilled, and a Gran titration was run 
later a t  our field station laboratory. 
Color was measured with the Helliage 
Aqua Tester (#611A) upon return to 
the field station. Conductivity and 
chlorophyll-a analyses (Kopp and Me 
Kee 1979) also were run at  this time. 
The lake water for chlorophyll-a analy- 
sis was filtered in the field through 
Gelman A/E glass fiber filters. The fil- 
ters were placed in tubes containing 5 
ml of 90% acetone, stored on ice, and 
later transferred to a lab freezer. The 
filters were then ground, and the ex- 
tract was centrifuged before analysis 
using the Trichromatic technique 

Field testing for pH, alkalinitg, and dissolcerl oxggm. 

(Kopp and McKee 1979). Water sam- 
ples for total phosphorus and calcium 
analyses were preserved with sulfuric 
acid and nitric acid, respectively, and 
chilled until analyzed by the State Lab- 
oratory of Hygiene (SLOH) in Madi- 
son later in the week (Kopp and Me 
Kee 1979). 

Because of the wide geographic dis- 
tribution of the 43 study lakes and the 
extensive effort required to obtain the 
sediment samples, two field crews con- 
ducted the two summer lake water 
samplings. All field and laboratory 
analysis techniques and instruments 
were the same, except for the use of two 
different battery-operated pH meters 
(Sargent Welch model PBL and Beck- 
man model 21) and two electrodes of 
the same model (Beckman Futura I1 
Star combination electrode). The pH 
readings were compared extensively in 
the lab during the summer and in the 
field during the fall by using different 
electrodes with the same meter and dif- 
ferent meters with the same electrode. 
The results consistently varied by less 
than 0.2 pH units over all pH ranges 
sampled; the variation contributed by 
the different electrodes and different 
meters was similar. 

Sediment 

The bottom sediments of each lake 
were sampled during one of the summer 
water chemistry sampling periods. 
Sediment samples were collected by a 

scuba diver using samplers designed for 
this project. Each sampler consisted of 
a series of nine Plexiglas H-inch d i e -  
ter tubes, which were aligned i n  a 
wooden rack with a handle. The diver 
swam along the lake bottom with the 
sampler tubes held just under the un- 
disturbed sediment-water interface. 
This method allowed for large quanti- 
ties of the most recently deposited sedi- 
ments to be collected. The sediment 
depth sampled was < 2  cm, with most 
of the material entering the tubes from 
depths < 1 cm. After the tubes were 
filled, one end was capped with a rack 
of rubber stoppers; then a second set of 
tubes was filled and capped before the 
diver ascended to the lake surface. In 
the boat, each rack of tubes was held 
vertically, allowing sediments to settle 
to the bottom. The excess water in the 
tubes was then removed with a pipette 
before the sediments were composited 
and transferred to plastic sample 
bottles. This technique was particu- 
larly effective in collecting large 
amounts of flocculent sediments. 

The deeper lakes, which contained a 
distinct thermocline and hypolimnion, 
were sampled a t  three water depths. 
Sediment samples were taken near the 
deepest location, in a middepth loca- 
tion subtended by the thermocline, and 
in a shallower area > 3  m in depth. 
Only two samples were collected in 
moderately deep lakes having no dis- 
tinct hypolimnion. In the shallow, non- 
stratified lakes, only one sediment sam- 
ple was taken. In a few of the deeper 
lakes, dense macrophyte beds in the 5 



shallow zone prevented sediment 
samples from being taken. 

After collection, the sediment 
samples were stored immediately on ice 
in the field and transferred to freezers 
a t  DNR or University of Wisconsin 
field stations as soon as possible, in or- 
der to minimize volatilization of mer- 
cury. Most of the samples were frozen 
within 36 hours, depending on the 
length of the field trip. 

Each sediment sample was split be- 
tween SLOH, which ran the total mer- 
cury analysis (Kopp and McKee 1979), 
and the University of Wisconsin Soils 
and Plant Analysis Lab (UWSPAL). 
All other sediment tests for the ele- 
ments tested, except for Kjeldahl nitro- 
gen and percent ignition loss (volatile 
solids), were run by UWSPAL using 
Inddctively Coupled Plasma Emission 
Spectrometry ( ICP). 

Fish 

Walleye from most of the 43 study 
lakes were collected by district fish 
management field crews in 1985 and 
1986 as part of the DNR fish mercury 
advisory program. In addition, fish 
were collected from approximately 
20% of the lakes by DNR Bureau of 
Research personnel in the fall of 1986. 
The fish were weighed and measured in 
the field, wrapped in foil, and frozen 
whole until processed a t  the DNR fish 
grinding lab operated by the Bureau of 
Water Resources Management. Scaled, 
skin-on fillets were ground twice using 
a stainless steel Hobart tissue grinder. 
This mash was put in small glass 
bottles and stored a t  -5 C until analy- 
sis. Total mercury was determined a t  
SLOH by the flameless cold vapor 
atomic absorption technique (Kopp 
and McKee 1979). 

Scuba diver with samplws for collecting the surface lager of bottom 
sediments. 

DATA ANALYSIS 
Compositing sediment samples. 

Water Chemistry Parameters 

Mean annual values for conductiv- 
ity, total alkalinity, calcium, and color 
were calculated for each lake using sea- 
sonal weighting factors. We felt that 
these mean values provided a better 
"characteristic value" for statistical 
analysis and modeling than a value 
based on a single sampling. A mean pH 
for each sampling date was calculated 
using the vertical profile pH data con- 
verted to hydrogen ion concentrations 
and applying volumetric weighting fac- 
tors derived from hydrographic maps. 
Seasonal weighting factors were then 
used to calculate mean annual pH from 
each sampling date's mean pH value. 
Characteristic lake values for Secchi 
depth, chlorophyll-a, and total phos- 

phorus as measures of lake productiv- 
ity were calculated from the two sum- 
mer samplings. 

Seasonal weighting factors for sum- 
mer stratification, spring and fall. turn- 
over, and winter ice cover were based 
on mean season lengths for the regions 
of Wisconsin where the study lakes 
were located. These lakes fell into three 
climatic regions: southern, northeast- 
ern, and northwestern (Lillie and Ma- 
son 1983). The ice cover in northern 
Wisconsin lasts about two months 
longer than it does in southern Wiscon- 
sin (R. Lillie, G. Quinn, and G. Weg- 
ner; Wis. Dep. Nat. Resour.; pers. 
comm. 1986). Mean ice-in dates for 
northern and southern Wisconsin were 

estimated a t  1 November and 1 De- 
cember, respectively. Mean ice-out 
dates were estimated a t  1 May and 1 
April for the northern and southern re- 
gions. The length of summer stratifica- 
tion was estimated from lake monitor- 
ing data collected over a 14-year period 
by the DNR Bureau of Research (R. 
Lillie and J. Mason, Wis. Dep. Nat. 
Resour., pers. comm. 1986). Using 
these dates and growing season data 
(Finley 1976), seasonal weighting fac- 
tors were derived (Table 1) and used to 
calculate mean annual values for the 
water chemistry parameters. 

Mean lake sediment values for igni- 
tion loss, total mercury, nitrogen, 
phosphorus, and other elements were 



calculated. Sediments in the deposi- 
tional zone of the deeper lakes (the re- 
gion below the thermocline) were often 
different from sediments in the shal- 
lower zones where resuspension can oc- 
cur throughout the open water season. 
Because of differences in  lake 
morphometry, the relative area of the 
depositional zone varied considerably, 
even among lakes with similar maxi- 
mum depths. Mean-weighted sediment 
values were used because the lake sedi- 
ments are possible sites for binding, 
bacterial transformations, and volatili- 
zation of mercury. These values were 
calculated in the following way. Each 
lake was divided into thermal stratifi- 
cation levels based on summer temper- 
ature profiles. The percentage of lake 
bottom in each stratification level was 
determined by planimetry. Each sedi- 
ment value was then weighted by the 
percentage of the lake bottom it repre- 
sented, and a mean areal sediment 
value was calculated. Deep hole values 
were the samples collected in the deep- 
est part of the depositional zone. 

Walleye Mercury 
Concentration 

Regression analysis of walleye mer- 
cury on length was performed for each 
lake where enough walleyes had been 
collected. The mercury concentration 
for a 17-inch walleye was determined 
from the regression line equation. This 
length was selected somewhat subjec- 
tively, considering three factors: the 
length of walleyes from this study, the 
mean length of walleyes from the mer- 
cury testing study conducted by the 
DNR Bureau of Fisheries Manage- 
ment from 1972 to present, and the 
average length of walleyes caught by 
anglers in Wisconsin. The mercury con- 
centration of the 17-inch walleye was 
called the lake fish mercury concentra- 
tion and was used as the standardized 
dependent variable in appropriate 
analyses. Of the original 43 lakes, 5 did 
not yield any walleyes. Seven more 
lakes yielded either only 2 fish or fish of 
insufficient length variation to generate 

TABLE 1. Seasonal weighting factors for calculating the mean 
annual values of lake water chemistry parameters. 

Number of Months 
Winter Spring Summer Autumn 

Southern Wisconsin 4.0 1.5 4.5 2.0 
Northeastern Wisconsin 6.0 1.5 2.5 2.0 
Northwestern Wisconsin 5.0 1.5 3.5 2.0 

Preparation of walleges for mercury testing. 

a regression line to determine the mer- 
cury in a 17-inch walleye. Each of the 
remaining 31 lakes was given a lake fish 
mercury concentration based on the 
above regression analyses. 

Model Adjustment 

Hakanson's (1980) model is based 
on the mercury content of a 1-kg pike. 
TNe modified the model for testing on 
Wisconsin walleye. A 1-kg northern 
pike is typically longer and younger 
than a 1-kg walleye because these spe- 
cies grow a t  different rates (Mack- 
enthun 1948). Pike and walleye also 
vary in feeding and mercury assimila- 
tion (Mathers and Johansen 1985). In 
addition, older fish accumulate more 
mercury. To account for such differ- 
ences, we adjusted the model as fol- 
lows. A 1-kg pike from Wisconsin wa- 
ters is approximately 22 inches long 
(Van Engel 1940). From length-weight 
relationships of walleyes from both 
northern and southern Wisconsin lakes 
in this study, we determined that a 
I-kg walleye was approximately 18 
i.nches long. Using the results of a study 
of northeastern Minnesota lakes 
(Helwig and Heiskary 1985), we calcu- 
1.ated the proportional difference be- 
tween the mercury concentrations in a 
1-kg (22-inch) pike and a 1-kg 
(18-inch) walleye. The predicted mer- 
cury values generated from Hakan- 
son's model were then adjusted by this 
proportion so that the model could be 
tested more accurately. These pre- 
dicted mercury values were compared 
to the mercury concentration for a 
I-kg (18-inch) walleye, which was de- 
termined from the same regression line 
equation that was used to determine 
the mercury concentration for a 
17-inch walleye. 

State Dataset 

To test a water chemistry model de- 
rived from the mercury study lakes, an 
independent dataset was necessary. We 
obtained water chemistry data from 80 
llakes throughout the state. Sources of 
data included the original data files 
from Lillie and Mason (1983), Glass 
(1984), Storet System, and regional 
Wimnologists. Several chlorophyll-a val- 
ues were calculated from summer 
Secchi disc values using regression 
equations from Lillie and Mason 
(1983). All alkalinity measurements 
were 'converted to peq/L. Different 
analysis techniques for alkalinity cre- 
ated potential biases. Lillie and Masoln 
(1980) compared methodologies from 
their dataset with those from more re- 
cent samplings (Glass 1984) and found 



that a correction factor was necessary 
to equalize values. The correction was 
calculated for these data. If method- 
ological information was not available, 
no correction was made. 

STATISTICAL ANALYSIS 

Computing was done with SAS 
(Statistical Analysis System Version 
5.16, SAS Institute 1986). Procedures 
included simple linear regression, 

Spearman rank and Pearson correla- 
tions, Analysis of Variance (ANOVA) 
with Bonferroni multiple comparisons, 
two-sample t-tests, and the F-test for 
homogeneity of variance. A form of the 
two-sample t-test that is valid for une- 
qual variances was used whenever the 
F-test showed a significant difference 
between the variances of the two 
groups being compared. 

Log transformations were used 
when necessary to stabilize the vari- 
ance of dependent variables. Walleye 
mercury concentrations were log trans- 

formed for the regressions on lake wa- 
ter chemistry parameters. We con- 
ducted ANOVAs comparing mercury 
concentrations among water chemistry 
categories on averages for each lake of 
log-transformed mercury concentra- 
tions. Because the number of walleyes 
collected was different for each lake, we 
computed averages to give each lake 
equal weight in the ANOVA and to en- 
sure correct calculation of the error 
term for comparisons among lake 
groups. 

RESULTS AND DISCUSSION 
Two hundred thirty-one (231) wall- 

eyes were collected from 38 of the 43 
lakes sampled in our study (Append. 
Table 1). The median length of all wall- 
eyes was 17.7 inches; length class diitri- 
bution and frequencies are shown in 

TABLE 2. Length class distribution of walleyes collected from 
mercury study lakes. 

creases with fish length, they do not In their study of northern Minne- 
consider the fact that the real experi- sota lakes, Helwig and Heiskary (1985) 
mental unit is the lake, and that the re- did not find as strong a relationship be- 
lationship of mercury concentration to tween length and mercury concentra- 
length may vary among lakes. tion in walleyes as we did. Some of their 

Table 2. ~lmost-one half (45%) of the 
test fish contained more than the Wis- 
consin standard of 0.5 pg Hg/g wet 
weight (0.5 ppm) (Table 2). The per- 
centage of contaminated 6th was con- 
siderably greater in the 2 20.0-inch 
length class (78%) than in the two 
smaller length classes (10% and 38%, 
respectively). This result supports the 
reported effect of size on mercury con- 
tamination (Kleinert and Degurse 
1972, Phillips et al. 1980). 

Mercury concentrations in indi- 
vidual walleyes ranged from 0.04 pg/g 
to 2.8 pglg wet weight (Table 3). Mean 
mercury concentrations increased with 
increasing length class; the mean mer- 
cury concentration for the largest 
length class was above the Wisconsin 
standard of 0.5 pg/g. All differences be- 
tween length classes were significantly 
different from zero, based on Bonfer- 
roni multiple comparisons of log- 
transformed mercury concentrations 
(a= 0.05) (Table 3). This relationship 
between walleye mercury concentra- 
tion and length was also examined us- 
ing simple linear regression. Mercury 
concentration increased with length 
(R2 = 0.37), as did the variance about 
the regression line. Regression of log- 
transformed mercury concentrations 
on length resulted in the same R2 value 
and F statistic, although the variance 
was stabilized. While these analyses in- 

8 dicate that mercury concentration in- 

Length No. Fish 
Inches ( rnm Frequency % Total >0.5ggHg& 

Total 231 100 103(45%) 

TABLE 3. Walleye mercury values for length classes of wall- 
eyes from mercury study lakes. 

Length Class Hg (wug) Sig. 
linches) Range Mean SD Comp.* n** 

*Significance of Bonferroni comparisons. Mean Hg levels with 
diierent designated letters are signscantly dgerent at 
a = 0.05. 

**n refers to number of fish. 



samples, however, were composites of 
several fish, which may have masked 
that relationship. Wiener (1983) found 
greater predictability of length on mer- 
cury concentration than we did, 
though his samples were from a smaller 
number of lakes with low pH. Because 
a wide variety of lake types was 
sampled in our study, differences in 
walleye growth and mercury accumula- 
tion among lakes probably accounted 
for some lack of fit. 

Growth data from northern and 
southern Wisconsin lakes indicated 
that a walleye from a northern lake was 
one-half to one year older than a wall- 
eye of similar length from a southern 
lake (Fig. 1). Tomlinson et al. (1980) 
suggested that slower growth would re- 
sult in higher mercury levels. Even if 
the mercury uptake rate remained the 
same, the amount of mercury per body 
weight would increase with a slower 
growth rate because mercury uptake is 
so rapid compared to its release. The ef- 
fect of growth and mercury accumula- 
tion could not be determined directly 
for our walleye because their ages had 
not been calculated. However, the rela- 
tionship between mercury concentra- 
tion and length was examined for indi- 
vidual northern and southern lakes to 
minimize potential differences in 
growth and uptake mechanisms. The 
mean slopes for both the northern and 
southern lakes were compared with a 
t-test and were not signifmntly dier-  
ent. 

WALLEYE MERCURY 
RELATED TO WATER 
CHEMISTRY 
CHARACTERISTICS 

The 43 lakes selected for this study 
are shown in Figure 2. Figure 3 illus- 
trates the distribution of study lakes 
by water chemistry and morphometric 
characteristics. Acid-sensitive, soft- 
water lakes and well-buffered, hard- 
water lakes are evenly represented in 
the dataset. Table 4 summarizes water 
chemistry analyses of these lakes and 
includes each lake's mercury concen- 
tration for a 17-inch walleye, which 
was calculated for each lake from the 
regression model of mercury on fish 
length. Actual seasonal values are re- 
ported in Appendix Table 2. 

We used simple linear regression to 
investigate the relationship between 
each lake parameter and walleye mer- 
cury concentration. A logarithmic 
transformation of the dependent vari- 
able, fish mercury concentration, pro- 
vided a better fit as determined by the 
R2 value and residual plots. Several in- 
dependent variables were log trans- 
formed because their relationship to log 
mercury concentration was more 
nearly linear after transformation. 

NORTHERN WISCONSIN LAKES 

+ SOUTHERN WISCONSIN LAKES 

I 
I 11 Ill IV v VI VII Vlll IX X 

AGE (years) 

FIGURE 1. Average growth rates of walleyes from northern and 
southern Wisconsin lakes. (Northern lakes data from H. Snow, Wis. 
Dep. Nat. Resour., unpubl. data, 1986. Southern lakes data from 
Druckenmiller 19'72.) 

The results of these regressions are 
reported as correlation coefficients, 
which indicate the strength of the posi- 
tive or negative relationship of each pa- 
rameter to walleye mercury levels 
(Table 5). Two general lake character- 
istics were strongly related to walleye 
mercury concentration. The first was 
the ionic strength of the lake water, de- 
termined by pH, alkalinity, calcium 
concentration, and conductivity. De- 
creasing values of these parameters 
were associated with increasing con- 
centrations of fish mercury. These pa- 
rameters also separate the hard-water 
and soft-water lakes and, as we ex- 
pected, correlated highly with each 
other (Table 6). The second character- 
istic was lake productivity, measured 
as chlorophyll-a. This parameter had a 
significant negative relationship with 
mercury concentrations in walleyes, 
which supports D'Itri et al.'s (1971) 
finding that unproductive lakes con- 
tained more highly contaminated fish. 
However, neither total phosphorus nor 
Secchi depth were good predictors of 

fish mercury levels. Many of northern 
Wisconsin's soft-water lakes also are 
unproductive, but the correlation of 
chlorophyll-a to ionic condition was 
only 0.29-0.38 (Table 6). Both lake 
area and depth also showed signficant 
negative relationships with fish mer- 
cury concentrations, but the correla- 
tion coefficients (r) were low. Although 
not one of the listed parameters alone 
was a particularly good predictor of fUsh 
mercury, these analyses did indicate 
the relative importance of the many 
lake parameters and suggested those 
that should be examined in more detail. 

To investiite more closely the rela- 
tionship between mercury concentra- 
tion and lake chemistry, the lakes were 
divided into categories for each of sev- 
eral water chemistry parameters. 
These categories reflect the distinction 
between the soft-water lakes of north- 
em Wisconsin and the hard-water lakes 
of southern Wisconsin. The ANOVAs 
with Bonferroni multiple comparisons 
were done in the same way for all water 
chemistry parameters. In each case the 9 



LAKE 
AMNICON 
BASS 
B I G  MUSKELLUNGE 
BUTTERNUT 
CEDAR 
CLARK 
CLEAR 
CRYSTAL 
DELAVAN 
D E V I L S  
DOWL I NG 
EMILY 
FRANKLIN 
GRINDSTONE 
JAG 
JOYCE 
L I T T L E  ARBOR V I T A E  
L I T T L E  GREEN 
LONG 
LOST 
LOWER BASS 
METONGA 
MONONA 
NOQUEBAY 
NORTH TWO 
P I K E  
P I N E  
ROCK 
ROUND 
SAND 
SAND 
SAND 
SCOTT 
S HAWANO 
SHELL 
SILVER ( B I G )  
S I S K I W I T  
SUGAR CAMP 
TAHKODAH 
TWENTY-SIX 
TWIN BEAR 
WHITE BIRCH 
WIND 
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42 
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3 1 
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4 0  

3 
23 
2 
8 
4 

33 
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34 
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24 
12 
6 

13 
19 
43 

FIGURE 2. Names and locations of lakes sampled. 

mean mercury concentration was cal- 
culated for all fish in each lake. The 
mean values were then used in the anal- 
yses for all lengths. Because walleye 
mercury concentration increases as fish 
length increases, the analyses were also 
conducted separately for each of three 
length classes. For this purpose, mean 
mercury concentrations were calcu- 
lated for each length class in each lake. 
Because all length classes were not rep- 
resented in every lake, the number of 
lakes in each water chemistry category 
may be less than the total possible. 
These mean values were then used in 
analyses done separately by length 
class. Means and standard deviations 
reported in the following tables were 
based on untransformed mean lake 
mercury concentrations. Because the 
standard deviation tends to increase as 
the mean increases, the ANOVAs and 
multiple comparisons (a = 0.05) were 
carr ied ou t  on means of log- 
transformed values. 

Four pH categories were desig- 
10 nated:c6.0,6.0-6.9,7.0-7.9,andag.O 

(Table 7). For walleyes of all lengths 
the ANOVAs showed a significant dif- 
ference in mean mercury concentration 
among the pH categories (P c 0.0001). 
Lakes with pH c 6.0 had mean walleye 
mercury concentrations significantly 
greater than lakes with higher pH val- 
ues. Mean walleye mercury concentra- 
tions in the low pH lakes ( <7.0) were 
greater than the Wisconsin allowable 
concentration of 0.5 pg/g. 

Mean mercury concentrations in 
walleyes < 15.0 inches diEered signifi- 
cantly between the highest and lowest 
pH categories, with intermediate pH 
categories having intermediate mean 
mercury concentrations. The same 
trend for mean walleye mercury con- 
centrations to increase as pH decreased 
was apparent for the two larger size 
classes of fish as well, although the pat- 
tern of significant pairwise comparisons 
varied somewhat. 

The mean mercury concentration 
exceeded the Wisconsin standard for all 
walleye length classes in lakes with pH 
values c 6.0. The mean for fish between 

15.0 and 19.9 inches also exceeded the 
Wisconsin standard in lakes with pH of 
6.0-6.9. In the largest length class 
( 2 20.0 inches), the mean exceeded the 
0.5 pglg standard in all lake pH catego- 
ries and exceeded the FDA limit of 1.0 
pg/g in lakes with pH c7.0. The 
sample size of lakes with pH <6.0 and 
fish c 15.0 inches was small enough to 
warrant caution in interpreting results. 
However, further analysis discussed 
below indicates that these results prob- 
ably are reliable. Apparently, even 
small walleyes are at risk of accumulat- 
ing concentrations of mercury above 
the Wisconsin standard in low pH 
lakes. Walleyes 220.0 inches may be- 
come contaminated a t  all pH levels, 
even in calcareous lakes where acidifi- 
cation is not an issue. 

A similar analysis was performed for 
three alkalinity categories: <200, 
200-999, and 2 1,000 peq/L (Table 8). 
Mean mercury concentrations for wall- 
eyes of all lengths were 1.16, 0.49, and 
0.35 pglg for the above alkalinity cate- 
gories. The mean mercury concentra- 
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TABLE 4. Mean annual values for water chemistry parameters of mercury study lakes. 

Lake Area Depth Secchi Color Conduct. Alk. 
Lake Number County (ha) (m) (m) (Pt-Co) (pmhos/cm) pH (~eq/L) 

Amnicon 9 Douglas 172 9.5 2.7 37 155 6.7 403 
Bass 14 Price 34 14.0 3.8 37 26 5.7 51 
Big Muskellunge 15 Vilas 376 21.4 5.9 5 49 6.8 364 
Butternut 27 Forest 523 12.8 5.7 5 87 7.3 753 
Cedar 1 Polk 448 8.5 2.1 13 227 7.4 2,182 
Clark 32 Door 351 7.6 2.0 18 399 8.1 4,073 
Clear 25 Langlade 36 7.0 4.2 24 19 4.7 3 
Crystal 36 Sheboygan 62 18.6 4.1 5 361 8.1 3,030 
Delavan 42 Walworth 838 17.1 1.2 12 665 8.1 3,387 
Devils 37 Sauk 151 13.1 8.5 7 76 6.8 449 
Dowling 10 Douglas 62 4.0 1.5 84 42 6.5 341 
Emily 29 Florence 41 13.1 3.1 8 359 7.3 1,692 
Franklin 20 Oneida 65 7.6 6.1 5 19 5.6 29 
Grindstone 7 Sawyer 1,259 18.3 4.7 8 106 7.3 973 
Jag 16 Vilas 64 4.3 3.5 10 22 5.7 35 
Joyce 17 Vilas 12 10.1 6.4 5 19 5.4 11 
~ i t t l e  Arbor Vitae 18 V i  216 9.8 1.7 12 99 6.8 1,085 
Little Green 35 Green Lake 189 8.5 1.4 20 362 7.7 3,172 
Low 21 Oneida 46 9.5 7.8 5 16 5.0 17 
Lost 30 Florence 36 13.7 5.0 5 20 5.8 16 
Lower Bass 26 Langlade 36 5.8 4.9 15 16 5.4 18 
Metonga 28 Forest 806 24.1 4.8 6 198 7.3 1,761 
Monona 39 Dane 1,350 19.5 1.8 10 421 8.0 3,265 
Noquebay 31 Marinette 975 15.6 3.4 38 273 7.6 2,738 
North Two 22 Oneida 59 14.3 5.7 5 19 6.3 62 
Pike 38 Washington 211 13.7 1.8 16 569 8.0 3,884 
Pine 41 Waukesha 284 25.9 3.6 8 336 8.0 2,843 
Rock 40 Jefferson 635 17.1 2.4 10 545 7.9 3,599 
Round 3 Chippewa 87 5.5 2.0 20 15 6.0 55 
Sand 23 Oneida 218 7.6 1.8 100 46 6.3 253 
Sand 2 Polk 76 17.7 1.6 11 147 7.1 1,144 
Sand 8 Sawyer 376 15.2 2.5 24 74 6.8 539 
Scott 4 Barron 33 7.9 1.5 30 36 6.1 131 
Shawano 33 Shawano 1,500 11.0 1.8 40 343 6.7 1,984 
Shell 5 Washburn 1,044 4.0 3.0 6 79 7.1 155 
Silver. Big 34 Waushara 139 15.2 4.3 7 246 7.9 2,248 
Siskiwit 11 Bayfield 134 4.0 0.9 128 16 6.0 74 
Sugar Camp 24 Oneida 221 11.6 5.7 2 25 5.2 5 
Tahkodah 12 Bayfield 62 5.5 3.3 6 17 6.0 44 
Twenty-Six 6 Bumett 93 13.7 3.7 10 155 7.0 946 
Twin Bear 13 Bayfield 70 18.0 5.7 8 118 7.1 1,093 
White Birch 19 Vilas 47 8.2 5.0 8 62 6.6 533 
Wind 43 Racine 379 14.3 1.4 35 682 7.5 3,170 

*Mercury concentration for a 17-inch walleye calculated from a regression model of mercury on fish length. 

tions in lakes with alkalinities c200 
peq/L were significantly greater than 
those in the other alkalinity categories, 
and those in alkalinity categories 
<1,000 peq/L were at or higher than 
the Wisconsin limit. 

Analysis of the three length classes 
produced results indicating the same 
trend of increased mercury concentra- 
tions with increased length and de- 
creased lake ionic content, as was found 
in the pH analysis. Mean mercury con- 
centrations differed significantly be- 
tween the lowest and highest alkalinity 
categories for all length classes, with 
the intermediate alkalinity category 
having an intermediate mercury con- 
centration (Table 8). Fish 320.0 
inches exceeded the Wisconsin stan- 
dard of 0.5 pg/g mercury in all alkalin- 

12 ity categories and the FDA standard of 

Tot. P 
h3lu 

16 
8 
8 
8 

92 
6 

Chl-a Fish Hg* 
(MIL) (~rg/g) 

5.0 0.73 
3.0 1.24 
2.0 0.42 
2.5 0.17 

31.0 0.23 
2.0 0.29 
4.0 - 
2.0 - 

59.0 0.06 
8.0 0.87 
7.5 0.62 
3.0 0.21 
2.0 - 
3.5 0.17 
2.0 0.67 
2.5 - 

42.5 0.09 
43.0 0.28 
2.5 0.33 
2.0 - 
3.0 - 
6.0 0.24 

26.0 0.36 
3.5 0.61 
1.5 - 
7.5 0.26 
4.0 - 
6.5 0.27 
5.5 0.48 
7.5 0.66 

15.5 0.26 
17.5 0.37 
14.5 1.02 
10.0 0.35 
11.0 0.57 
3.0 0.51 
8.5 0.66 
3.0 - 
4.0 1.83 
3.5 - 
1.5 0.46 
4.0 0.50 

22.5 - 

TABLE 5. Pearson correlation of log- 
transformed walkye mercury values to 
individual lake parameters. 

Parameter 

log alk. 
pH 
log Ca 
Color 
log conduct. 
Secchi depth 
Tot. P 
log area 
Depth 
Chl-a 



TABLE 6. Spearman rank correlation of water chemistry and morphometry parameters, 
n = 43. 

Alk. pH Ca Color Conduct. Secchi Tot. P Area Depth 

pH 

Ca 

Color 

Conduct. 

Secchi 

Tot. P 

Area 

Depth 

Chl-a 

*Spearman correlation coefficients. 
**Probability of obtaining a larger value (in absolute value) of r under the null hypothesis that 

the true value of r is zero. 

TABLE 7. Mean walleye mercury valuesfor length classes and lake pH categories using the mercury study lakes. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 2 20.0 Inches 
Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 

pH ( ~ g / g )  (SD,n)* Camp.** (j~g/g) (SD,n) Comp. ( ~ g j g )  (SD,n) Comp. (pg/g) (SD,n) Comp. 

*n refers to number of lakes having mean walleve m e r c w  concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comp&ns. ~ e a n  H~ levels k t h  different designated letters are significantly dzerent a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 

TABLE 8. Mean walleye mercury values for length classes and lake alkalinity catego&s using the mercury study lakes. 

All Lengths c 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Alkalinity Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 
(vesiL) (pg/g) (SD,n)* Camp.** (wglg) (SD,n) Comp. (pgln) (SD,n) Comp. (uglg) (SD,n) Comp. 

< 200 1.16 (0.46,12) A 0.40 (0.16, 5) A 0.90 (0.43,lO) A 1.51 (04111) A 
200-999 0.49 (0.23, 9) B 0.41 (0.19, 7) A 0.47 (0.27, 8) B 1.02 (0.83, 7) B 
2 1,000 0.35 (0.17,17) B 0.19 (0.09,10) B 0.30 (0.16,15) B 0.58 (0.29,12) B 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with diierent designated letters are significantly difierent a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 



1.0 pg/g for alkalinities < 1,000 peq/L. 
Medium-sized walleyes 15.0-19.9 
inches had mean mercury concentra- 
tions >0.5 pg/g in lakes with alkalini- 
ties <200 peq/L. None of the mean 
mercury concentrations in the three al- 
kalinity ranges exceeded the Wisconsin 
standard for walleyes < 15.0 inches. 

Calcium concentration and conduc- 
tivity were related to fish mercury con- 
centrations in much the same way as 
were pH and alkalinity (Tables 9 and 
10). Because these four water chemis- 
try parameters were highly correlated, 
we expected to find similar results. 

When walleyes of all lengths were 
considered, we found significant differ- 
ences between mean mercury concen- 
trations in lakes with calcium concen- 
trations < 5  mg/L and those with 
greater concentrations (Table 9). 
Lakes with calcium concentrations 
< 10 mg/L had mean fish mercury con- 
centrations above the Wisconsin stan- 
dard. Lakes with conductivities <50 
pmhos/cm had a mean fish mercury 
concentration exceeding the 0.5 pg/g 
limit, and lakes with conductivity val- 
ues <50 pmhos/cm had a mean fish 
mercury concentration that was signs- 
cantly different from lakes with higher 
conductivity values (Table 10). For 
both of these water chemistry parame- 
ters the mean mercury concentrations 
for fish >20.0 inches from all calcium 
and conductivity categories exceeded 
the Wisconsin standard. In lakes with 
calcium concentrations < 10 mg/L or 
conduct ivi t ies  < 50 pmhoslcm, 
medium-sized walleyes (15.0-19.9 
inches) had mean mercury values that 
exceeded the Wisconsin standard, and 
large-sized walleyes (220.0 inches) 
had values that exceeded the FDA 
standard (Tables 9 and 10). 

Mean mercury concentrations in 
walleyes decreased as chlorophyll-a in- 
creased (categories were <5, 5-9, and 
2 10 pg/L). For all fish length classes 
combined there were significant differ- 
ences between lakes with chlorophyll-a 
concentrations < 5  pg/L and those 
lakes with concentrations 3 10 pg/L 
(Table 11). Mean mercury concentra- 
tions were greater than 0.5 pg/g in lakes 
with chlorophyll-a concentrations < 10 
pg/L. There were no significant differ- 
ences between any pairs of mean mer- 
cury concentrations in any of the anal- 
yses done separately by length 
category, although in all categories 
mean mercury concentrations in- 
creased as chlorophyll-a decreased. For 
walleyes in the 15.0-19.9 inch length 
category, the mean mercury concentra- 
tion exceeded the Wisconsin standard 
in the least productive lakes. Mean 
mercury concentrations for fish 2 20.0 
inches exceeded the Wisconsin stan- 
dard in all chlorophyll-a categories. 
The FDA limit was exceeded for wall- 
eyes 220.0 inches in lakes with t 1 0  

pg/L chlorophyll-a. 
In Wisconsin many walleyes that 

have been tested for mercury have ex- 
ceeded the Wisconsin standard. The re- 
sults of this study indicate that lakes 
with low values of pH, alkalinity, cal- 
cium, conductivity, and chlorophyll-a 
have the most highly contaminated 
walleyes. Fish length is clearly an im- 
portant factor. The average length of 
walleye caught and consumed by the 
Wisconsin angler is approximately 17 
inches. If we examine the length class 
in which such walleye are found, we can 
see that lakes with pH <7.0, alkalini- 
ties < 1,000 peq/L, calcium concentra- 
tions < 10 mg/L, conductivities < 50 
pmhos/cm, and chlorophyll-a concen- 
trations < 5 pg/L contain walleyes with 
mean mercury concentrations above 
the allowable 0.5 pg/g. Mean walleye 
mercury concentrations were less than 
the Wisconsin standard for lakes in the 
successively higher water chemistry 
categories. However, individual lakes 
may contain 15.0-19.9 inch walleyes 
above the allowable limit because of 
variability among lakes. 

WALLEYE MERCURY 
RELATED TO SEDIMENT 
CHEMISTRY 
CHARACTERISTICS 

Mercury and Organic 
Content 

The results for sediment mercury 
and two measures of sediment organic 
content, ignition loss (Ig) and total ni- 
trogen, are presented in Table 12. Both 
areal and deep hole values are reported 
because they frequently dBer, depend- 
ing on the morphometry of the lake, 
and these differences may be important 
for mercury availability to fish. The ac- 
tual values used to generate the areal 
values are reported in Appendix Table 
3. All but three lakes had sediment 
mercury concentrations 6 0.2 pg/g dry 
weight. Lake Monona in southern Wis- 
consin had a very high mid-depth con- 
centration compared with the other 
lakes, probably because for some years 
the City of Madison's sewage and in- 
dustrial effluent was discharged into 
the lake (Syers et al. 1W3). Because of 
this unusual input the sediment mer- 
cury data for Lake Monona were not 
included in the analysis. 

Regression analysis was used to ex- 
amine the relationship between walleye 
mercury values and lake sediment 
characteristics. As with the water 
chemistry data, a logarithmic transfor- 
mation was performed on the depen- 
dent variable, fish mercury, because of 
unequal variances. Areal and deep hole 

sediment mercury concentrations were 
significant predictors of fish mercury 
(Table 13), although the r values were 
relatively low. 

Konrad (1971) found high mercury 
concentrations in fish in some areas 
with high sediment mercury, although 
the sediments tested had been polluted 
by point sources. Studies in unpolluted 
aquatic systems did not find a positive 
correlation between sediment and fish 
mercury (Megan 1986, Surma-Aho et 
al. 1986). The sediment mercury con- 
centrations reported for this study 
were similar to the background concen- 
trations of 0.01-0.24 pg/g reported for 
some northern and southern Wisconsin 
lakes (Syers et al. 1973). A more recent 
study reported background concentra- 
tions of 0.04-0.07 pg/g for another 
group of northern Wisconsin lakes 
(Rada et al. 1987). Hakanson (1980) 
found sediment mercury levels of 0.15 
lg/g in central Swedish lakes unpol- 
luted by point sources. The sediments 
in most Wisconsin lakes are not high in 
mercury, so that sediment mercury 
may not be a good indicator of fish mer- 
cury in lakes not contaminated from 
point sources, a t  least a t  the level of 
laboratory detection determined on 
our samples. 

To determine whether sediment 
characteristics varied as a function of 
water chemistry, mean sediment mer- 
cury cbncentrations were compared in 
lakes with pH values above and below 
7.0. Only two pH categories were used 
for this analysis because of sample size 
restrictions. We used lake pH as a con- 
venient way of dividing the soft-water 
and hard-water lakes and are not im- 
plying that pH directs these processes. 
The underlying mechanisms are not 
clear, and other determinants of hard- 
water and soft-water lakes, such as al- 
kalinity or calcium, also could be used. 
The t-tests showed that the mean sedi- 
ment mercury concentrations for both 
areal and deep hole samples were sig- 
nificantly higher in lakes with pH < 7.0 
than in those with higher pH values 
(Table 14). The results suggest that 
mercury input, net methylation rate, 
or the partitioning of mercury within 
the lake varies with the pH of the lake. 

The values for ignition loss and total 
nitrogen indicate that our study lakes 
have moderately organic sediments, 
with few high or low values (Table 14). 
Neither sediment total nitrogen nor ig- 
nition loss was signifiantly correlated 
to  walleye mercury concentrations 
(Table 13). As with sediment mercury 
concentrations, mean areal and deep 
hole values for ignition loss and total 
nitrogen were significantly greater in 
those lakes with pH <7.0 (Table 14). 

Because mercury readily associates 
with organic matter (Konrad 1972, 
Thomas and  Jacquet  1976, 
Thanabalasingam and Pickering 1985), 



the relationship between sediment mer- 
cury and organic content was ex- 
amined. For all lakes the correlations 
using areal sediment mercury values 
were significant, although the r values 
were low and ignition loss was a some- 
what better predictor than total nitro- 
gen (Table 15). Deep hole values were 
less correlated. 

The relationship between sediment 
mercury and organic content was dif- 
ferent for lakes with pH c7.0 and 
those with pH 37.0 (Table 15). For 
the more acidic lakes, the relationship 
between deep hole mercury concentra- 
tions and both ignition loss and total 
nitrogen was significant, but the r value 

was not high for either parameter. In 
lakes with higher pH, the relationship 
was dramatically different. All correla- 
tions using areal and deep hole values 
were significant, though r values for the 
deep hole correlations were higher than 
those for areal correlations. 

Jackson (1980) found that the com- 
plexation of mercury with organic mat- 
ter did not change with decreasing pH, 
though the incorporation of mercury 
into the sediments decreased. More 
mercury presumably remained in the 
water column and may have been 
available to fish. Our results suggest 
that the mercury-organic matter rela- 
tionship in sediments does change with 

decreasing pH, though the basis for the 
change is unclear. 

Sediments from lakes with pH c 7.0 
contained more mercury and organic 
matter than those from more alkaline 
lakes. Fish mercury concentrations 
were also higher, suggesting that per- 
haps methylation rates were higher in 
low pH lakes with moderate organic 
content. Callister and Winfrey (1986) 
found higher methylation rates in or- 
ganically enriched sediments of the up- 
per Wisconsin River, as did other re- 
searchers working on Canadian 
waterways (Furutani and Rudd 1980, 
Rudd and Turner 1983, Bodaly e t  al. 
1984). The latter suggested that in- 

TABLE 9. Mean walleye mercury values for length c h e s  and lake calcium categories using the mercury study lakes. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 320.0 Inches 
Calcium Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 
lmg/L) ( ~ g l g )  (SD,n)* Camp.** (wglg) (SD,n) Comp. (wg/g) (SD,n) Comp. (wig) (SD,n) Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with different designated letters are significantly different a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 

TABLE 10. Mean walleye mercury values for length c h e s  and lake conductivity categories using the mercury study lakes. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Conductivity Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Si. 
(~mhos/cm) (wg/g) (SD,n)* Camp.** ( ~ g / g )  (SD,n) Comp. ( ~ g / g )  (SD,n) Comp. ( ~ g h )  (SD,n) Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with dierent designated letters are significantly different a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 

TABLE 11. Mean wallev mercury w l w  for length c h  and lake chlorophylh e d e g h  using the mescury study lakes. 

All Lengths < 15.0 Incbes 15.0-19.9 Inches 320.0 Inches 
Chl-0 Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Si. 
bum (~g lg )  (SD,n)* Camp.** (wglg) (SDa) Comp. (rmln) 6D.n) C o m ~ .  (~g /g )  (SDs )  Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonfermni comparisons. Mean Hg levels with Merent designated letters are signi6cantly different a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 



TABLE 12. Sediment mercury and organic content for areal and deep hole samples from 
mercury study lakes. 

Lake Tot. Hg Tot. Hg(D)* Ig** Ig(D) Tot. N Tot. N(D) 
Lake Number County (~lg/g) (~g/g) (%) (%) (%) (%) 

Amnicon 
Bass 
Big Muskellunge 
Butternut 
Cedar 
Clark 
Clear 
Crystal 
Delavan 
Devils 
Dowling 
Emily 
Franklin 
Grindstone 
Jag 
Joyce 
Little Arbor Vitae 
Little Green 
Long 
Lost 
Lower Bass 
Metonga 
Monona 
Noquebay 
North Two 
Pike 
Pine 
Rock 
Round 
Sand 
Sand 
Sand 
Scott 
Shawano 
Shell 
Silver, Big 
Siskiwit 
Sugar Camp 
Tahkodah 
TwentySix 
Twin Bear 
White Birch 
Wind 

Douglas 0.20 
Price 0.15 
V i  0.07 
Forest 0.07 
Polk 0.07 
Door 0.05 
Langlade 0.20 
Sheboygan 0.10 
Walworth 0.05 
Sauk 0.20 
Douglas 0.30 
Florence 0.12 
Oneida 0.10 
Sawyer 0.10 
V i  0.20 
vilas 0.20 
vilas 0.10 
Green Lake 0.09 
Oneida 0.14 
Florence 0.05 
Langlade 0.10 
Forest 0.12 
Dane 0.28 
Marinette 0.05 
Oneida 0.08 
Washington 0.05 
Waukesha 0.17 
Jefferson 0.05 
Chippewa 0.20 
Oneida 0.30 
Polk 0.09 
Sawyer 0.20 
Barron 0.12 
Shawano 0.20 
Washburn 0.07 
Waushara 0.20 
Baylield 0.20 
Oneida 0.09 
Baylield 0.10 
Bumett 0.13 
Bayfield 0.10 
Vilas 0.10 
Racine 0.05 

*D signifies deep hole values. 
**Ig signifies ignition loss = volatile solids. 

creased organic content provided more 
substrate for the microbes that methyl- 
ate the mercury. 

Knowing the relative amounts of in- 
organic mercury and organic methyl- 
mercury in the sediments and water 
column would help scientists to under- 
stand how changes in the partitioning 
of available mercury and net methyl- 
ation rate ultimately affect fish mer- 
cury concentrations. In previous stud- 
ies researchers have found mercury in 
the water difficult to measure because 
of its low concentrations. Rapid uptake 
by the biota and volatilization of ele- 
mental and dimethylmercury prevent 
the accumulation of large quantities of 
mercury in the water column, though it 
is not clear how these processes differ 
between hard-water and soft-water 
lakes. 

Relative proportions of dissolved 
and particulate organic matter also 
may be important in determining mer- 
cury availability to the biota. Mercury 
may be more or less available depend- 
ing on the particular associations it  
forms with organic matter. Because of 
the apparent differences in the behav- 
ior of sediment mercury, sediment or- 
ganic matter, and fish mercury in hard 
and soft waters, a comparative study of 
such lakes may provide insight into the 
complex cycling of mercury in lakes. 

Other Elements 

Table 16 presents the results of sedi- 
ment analysis for calcium, sulfur, iron, 
and phosphorus. (Appendix Table 3 

contains the values for each depth and 
the values of other elements not di- 
rectly used in our analysis.) Areal and 
deep hole values were fairly similar in 
our study lakes. We used t-tests to de- 
termine how these sediment character- 
istics differed between lakes with high 
( 27.0) and low ( ~ ' 7 . 0 )  pH values. 
Areal and deep hole calcium concentra- 
tions, as well as deep hole sulfur con- 
centrations, were significantly different 
between lake types, with larger concen- 
trations found in lakes with pH 27.0. 
Mean areal concentrations of phos- 
phorus were significantly greater in low 
pH lakes, while deep hole concentra- 
tions were not statistically different 
(Table 14). 

Mercury binds to sulfur to form the 
relatively insoluble mercuric sulfide or 
cinnabar. There was no significant cor- 



TABLE 13. Pearson correlation of log- 
transformed walleye mercury values to 
sediment parameters of mercury study 
lakes. 

Parameter r P > F  

Tot. Hg 0.43 0.01 
Tot. Hg(D)* 0.53 0.004 

Tot. N 0.17 0.35 
Tot. N ( D )  0.12 0.50 

*D signifies deep hole values. 

TABLE 14. Sediment characteristicsfor two lake pH categories of mercury 
study lakes. 

pH < 7.0 pH 2 7.0 
Mean (n) SD Mean (n) SD P* 

Tot. Hg ( ~ g / g )  0.16 (23) 0.07 0.09 (19)  0.04 0.0006 
Tot. Hg(D) (pg/g)** 0.16 (23) 0.07 0.11 (19)  0.06 0.0126 

Tot. N (%) 1.80 (23) 0.75 1.06 (20)  0.65 0.0014 
Tot. N ( D )  (%) 2.02 (23) 0.68 1.44 (20)  0.53 0.0034 

*t-test to compare lake pH categories. 
**D signifies deep hole values. 

TABLE 15. Pearson correlation of sediment mercury to sediment organic 
content of mercury study lakes. 

All Lakes pH < 7.0 pH 2 7.0 

Tot. Hg on Ig 0.49 0.001 0.11 0.61 0.66 0.0020 
Tot. Hg(D)* on Ig(D)  0.27 0.090 -0.41 0.05 0.82 0.0001 

Tot. Hg on Tot. N 0.36 0.020 -0.04 0.87 0.68 0.0020 
Tot. Hg(D) on Tot. N ( D )  0.16 0.300 -0.43 0.04 0.81 0.0001 

* D  signifies deep hole values. 

relation, however, between sediment that they observed in sulfide-rich sedi- 
mercury and sulfur when all lakes were ments might be due to high iron con- 
examined together. Considering only centrations because the iron will bind 
lakes with pH c7.0, the correlation for to the sulfide, making it unavailable to 
deep hole values was significant, mercury. In our study lakes the corre- 
though the r value was not high (Table lation between sulfur and iron was not 
17). Furutani and Rudd (1980) sug- significant (Table 18). 
gested that the high methylation rates 

PREDICTIVE MODELS OF 
WALLEYE MERCURY 

Hakanson's Model 

The three parameters used in 
Hakanson's (1980) model to predict 
fish mercury concentrations were lake 
pH, sediment mercury concentration, 
and bioproductivity index (BPI )  
(Table 19). The latter is a direct mea- 
sure of lake productivity based on the 
relationship between total nitrogen 
and ignition loss of the sediment. Be- 
cause of Hakanson's restrictions on the 
use of nitrogen and ignition loss sedi- 
ment data, we generated BPI by 
Hakanson's indirect method, using 
lake water total phosphorus values. 

Walleye mercury values for the Wis- 
consin lakes were predicted using both 
areal and deep hole sediment values in 
the model (Table 19). The correlation 
coefficient ( r )  using the areal values in 
the model was 0.55. Testing the model 
using deep hole values produced a simi- 
lar correlation (0.56). 

Figure 4 shows one outlier in the 
dataset, Lake Tahkodah. If this lake 
were omitted, the correlation coeffi- 
cient would increase to 0.74 when the 
areal sediment mercury values were 
used and to 0.76 when the deep hole 
values were used. Hakanson (1980) re- 
ported a correlation coefficient of 0.79 
in his test of the model. However, we 
know of nothing unusual about Lake 
Tahkodah that would account for such 
high mercury concentrations in its 
walleyes, and therefore we have no rea- 
son to omit this lake from the analysis. 

Of the 31 Wisconsin lakes tested 
with Hakanson's (1980) model, 12 had 
predicted mercury concentrations that 
were higher than the actual walleye 
mercury values. The model had been 
adjusted for the fact that a 1-kg wall- 
eye would be older and would have ac- 
cumulated more mercury than the 1-kg 
northern pike on which the model was 
based. An adjustment for the differ- 
ences in rate of mercury uptake and as- 
similation by length for northern and 
southern Wisconsin walleyes would 
also be useful. Another potential source 
of error in applying this model to our 
dataset is the BPI, which according to 
Hakanson was most accurate for lakes 
of low organic content. The relation- 
ship between ignition loss and total ni- 
trogen was less clear in lakes with 
greater than 30% organic content in 
the sediment (Hakanson 1984). Our 
data& contained some lakes with sedi- 
ment organic content over 30%. In ad- 
dition to the above concerns, sediment 
mercury concentrations did not vary 
much among lakes, and the earlier re- 
gression of sediment mercury and fish 
mercury showed a poor relationship. 



TABLE 16. Sediment calcium, sulfu7, iron, and phosphorus of mercury study krkes. 

( ~ P ; / Q )  
Lake County Ca Ca(D)* S S(D) Fe Fe(D) P P(D) 

Amnicon 
Bass 
Big Muskellunge 
Butternut 
Cedar 
Clark 
Clear 
Crystal 
Delavan 
Devils 
Dowling 
Emily 
Franklii 
Grindstone 
Jag 
Joyce 
Little Arbor Vitae 
Little Green 
Long 
Lost 
Lower Bass 
Metonga 
Monona 
Noquebay 
North Two 
Pike 
Pine 
Rock 
Round 
Sand 
Sand 
Sand 
Scott 
shawano 
Shell 
Silver, Big 
Sikiwit 
Sugar Camp 
Tahkodah 
Twenty-Sii 
Twin Bear 
White Birch 
W i d  

Douglas 
Price 
Vilas 
Forest 
Polk 
Door 
Langlade 
Sheboygan 
Walworth 
Sauk 
Douglas 
Florence 
Oneida 
Sawyer 
Vilas 
Vilas 
Vilas 
Green Lake 
Oneida 
Florence 
Langlade 
Forest 
Dane 
Marinette 
Oneida 
Wash i i on  
Waukesha 
Jefferson 
Chippewa 
Oneida 
Polk 
Sawyer 
Banon 
Shawano 
Washburn 
Waushara 
Bayfield 
Oneida 
Bayfield 
Burnett 
Bayfield 
Vilas 
Racine 

*D signifies deep hole values. 

Hakanson's model was derived from 
lake data with relatively high sediment 
m e r c w  levels. 

somi adjustment of the constants in 
the model might produce a better fit for 
walleye in Wisconsin lakes, but the 
practicality of using this model is ques- 
tionable. The time and financial invest- 
ment involved in the collection and 
analysis of data for the required pa- 
rameters may not be rewarded by a 
predictive capability better than that 
of a simpler lake water chemistry 
model. However, lake chemistry mod- 
els assume that sediment mercury 
levels are not elevated from point 
source pollution, which is factored into 

18 the Hakanson model. 

Water Chemistry Model 

An all-subsets regression analysis 
(SAS procedure RSQUARE) was used 
to identify the best two- and three- 
variable models for predicting walleye 
mercury concentration for each lake 
from water chemistry parameters. Of 
all the water  chemistry and 
morphometric parameters tested, the 
ionic character and degree of lake pro- 
ductivity appeared to be the most im- 
portant predictors. The two best three- 
variable models from the mercury 
study lakes used either calcium, total 
phosphorus, and chlorophyll-a or alka- 
linity, total phosphorus, and chloro- 

phyll-~ as the independent variables 
(Table 20). The models were significant 
(P < 0.001) with R2 values of 0.60 and 
0.56, respectively. The best two- 
variable model used calcium and chlor- 
ophyll-a ( R 2  = 0.53). Table 20 also 
shows the next best two-variable model 
and the best two-variable model not 
using chlorophyll-a, which used alka- 
linity and calcium ( R 2  = 0.42). Be- 
cause alkalinity and calcium were 
strongly correlated with one another, 
t-tests for individual parameters in this 
model were difficult to interpret. The 
F-test for both slope parameters differ- 
ing from zero was highly significant. 

Helwig and Heiskary (1985) per- 
formed a similar regression analysis on 



TABLE 17. Pearson correlation of sediment mercury on sediment sulfur 
of mercury study lakes. 

All Lakes pH < 7.0 
r P > F  r P > F  r P > F  

Tot. Hg on S -0.19 0.24 -0.37 0.08 0.31 0.20 
Tot. Hg(D)* on S(D) -0.08 0.60 -0.51 0.01 0.39 0.09 

*D signifies deep hole values. 

TABLE 18. Pearson correlation of sediment sulfur to sediment iron of 
mercury study lakes. 

All Lakes pH < 7.0 pH 2 7.0 
r P > F  r P > F  r P > F  

S on Fe -0.26 0.09 -0.27 0.21 -0.21 0.37 
S(D)* on Fe(D) -0.18 0.25 -0.34 0.12 -0.10 0.68 

*D signifies deep hole values. 

TABLE 19. Test of Hakanson's (1980) model on 31 mercury stwlpl lakes. 

Lake 

Amnicon 
Bass 
Big Muskellunge 
Butternut 
Cedar 
Clark 
Delavan 
Devils 
Dowling 
Emily 
Grindstone 
Jag 
Little Arbor Vitae 
Little Green 
Long 
Metonga 
Monona 
Noquebay 
Pike 
Rock 
Round 
Sand 
Sand 
Sand 
Shawano 
Shell 
Silver, Big 
Sikiwit 
Tahkodah 
Twin Bear 
White Birch 

BPI* pH 

4.2 6.8 

( ~ s / e )  
Sed. Sed. Calc. Pred. Red. 

Hg(A)** Hg(D)a Fish ~ g b  Fish Ha( A) Fish Hg(D1 

0.20 0.20 0.89 0.56 0.56 
0.14 0.20 1.34 0.74 0.93 
0.07 0.10 0.46 0.32 0.42 
0.07 0.10 0.20 0.28 0.37 
0.07 0.05 0.30 0.18 0.14 
0.05 0.05 0.32 0.22 0.22 
0.05 0.05 0.03 0.11 0.11 
0.20 0.20 0.92 0.64 0.64 
0.30 0.30 0.64 0.72 0.72 
0.12 0.20 0.27 0.43 0.63 
0.07 0.10 0.15 0.28 0.37 
0.20 0.20 0.81 0.75 0.75 
0.10 0.05 0.13 0.29 0.16 
0.09 0.10 0.29 0.23 0.26 
0.14 0.05 0.54 0.78 0.33 
0.12 0.10 0.23 0.36 0.30 
0.28 0.48 0.41 0.46 0.63 
0.20 0.20 0.71 0.53 0.53 
0.05 0.05 0.31 0.14 0.14 
0.05 0.05 0.31 0.14 0.14 
0.20 0.20 0.61 0.64 0.64 
0.30 0.30 0.69 0.79 0.79 
0.08 0.10 0.28 0.26 0.29 
0.20 0.20 0.55 0.54 0.54 
0.20 0.20 0.37 0.56 0.56 
0.07 0.10 0.64 0.26 0.33 
0.20 0.20 0.63 0.61 0.61 
0.20 0.20 0.59 0.61 0.61 
0.10 0.10 1.82 0.43 0.43 
0.10 0.10 0.64 0.49 0.49 
0.10 0.10 0.59 0.35 0.35 

*BPI is the bioproductivity index. 
**A signifies area values. 
aD signs- deep hole values. 
b ~ e r c u r ~  concentration for an l&ich walleye calculated from regression model of 
mercury on fish length. 

their dataset for lakes in northeastern 
Minnesota. Aluminum, pH, and TSIP 
(a measure of trophic status) were se- 
lected as the most important variables. 
Almost all of their lakes had alkalini- 
ties < 400 peq/L, which may have pre- 
vented the strong relationship with al- 
kalinity that was found in our mercury 
study lakes. 

TEST OF PREDICTIVE 
MODELS 

The two-variable models were then 
tested on an independent dataset from 
28 other lakes throughout Wisconsin 
for which enough walleye mercury data 
were available to evaluate mercury 
levels for 17-inch fish. The three- 
variable models could not be tested be- 
cause total phosphorus data were not 
obtained for all lakes in the s tate  
dataset. The water chemistry data 
from these 28 lakes are presented in 
Table 21. Table 22 shows the lake fish 
mercury values calculated from the re- 
gression for each lake's walleyes and for 
those predicted from the water chemis- 
try models. The models containing 
chlorophyll-a had correlation coeffi- 
cients lower than those generated from 
the mercury study lakes (Table 23). 
The variation in sampling times and 
procedures among these source 
datasets may have introduced enough 
variability to influence the outcome of 
the model. Calcium and alkalinity are 
more conservative parameters and 
probably were not as dected by difEer- 
ences in time of sampling or analytical 
procedures, as indicated by the similar 
correlation coefficients for the two 
datasets. For the two-variable alkalin- 
ity and calcium model, which showed 
the best fit on the independent state 
dataset, 18 of the predicted values were 
greater than the calculated values, but 
in no case did the predicted concentra- 
tion exceed 0.5 lg/g when the actual 
concentration was lower. 

The practical use of these models is 
uncertain. The problem with the chlor- 
ophyll-a values may be due to differ- 
ences in the analytical methods used in 
the data sources or an inherently poor 
predictive capability of chlorophyll-a. 
Both the individual linear regressions 
and the multiple regression using the 
mercury study lakes indicated a rela- 
tionship between fish mercury and 
chlorophylla concentrations. To deter- 
mine the source of the problem, the 
model should be tested on an addi- 
tional independent dataset using care- 
fully collected and analyzed chloro- 
phyl l -~~ samples. 

An alternative would be to use the 
alkalinity4cium two-variable model. 
Although this model did not fit as well 
as others on the mercury study dataset, 



it was the best of those tested on the 
state dataset. Because it is easier to 
characterize the ionic content than the 
productivity of a lake, this model may 
be the most useful. 

Because many of the predicted val- 
ues were higher than the calculated val- 
ues, the model may require further ad- 
justment. However, this procedure 
would entail an additional test on an 
independent dataset. An alternative to 
this test would be to use the results of 
the ANOVAs reported earlier to indi- 
cate those lakes that might contain fish 
with high concentrations of mercury. 

TEST OF WATER 
CHEMISTRY 
RELATIONSHIPS 

Fish mercury concentrations, pH, 
alkalinity, calcium, and chlorophyll-a 
values were available for 80 lakes 
throughout the state (Table 21 and Ap- 
pend. Table 4). These lakes included 
the 28 used to test the mercury lake 
model and an additional 52 lakes that 
lacked the necessary data to calculate a 
mercury concentration for the 17-inch 
walleye needed in the model. The data 
were assigned to the same length class 
and water chemistry categories as 
those from the mercury study lakes, 
and similar analyses were run. 

The results are presented in Tables 
24-27 and are similar to those from the 
mercury study lakes. Increased mean 
mercury concentrations were associ- 
ated with increased fish length and de- 
creased ionic content of the water. Be- 
tween the two datasets there were two 
notable differences: (1) the lack of sig- 
nificant differences in the state dataset 
between mean mercury values for 
chlorophyll-a categories (Table 27), 
and (2) the considerably lower mean 
mercury concentrations in walleyes 
a20.0 inches for the ionic condition 
categories in the state dataset (Tables 
24-26). The length distribution of the 
walleyes tested within the largest 
length class was similar for the two 
datasets. The lower mean mercury con- 
centrations in larger fish may be the re- 
sult of collection dates. The fish from 
the state dataset were collected be- 
tween 1979 and 1986, with most col- 
lected between 1982 and 1985. The fish 
for the mercury study were collected in 
1985 and 1986. The mercury analysis 
procedure may be more accurate than 
in the past. In any case, the mean mer- 
cury values for fish 2 20.0 inches from 
low pH lakes are well above the 0.5 
pg/g Wisconsin standard, even if they 
are lower than those from the mercury 
study lakes. 

FIGURE 4. Test of Hakanson model on walleye mercury concentra- 
tions calculated from actual fish data. 

From the state dataset we can char- 
acterize lakes that contained 17-inch 
walleyes with mean mercury concen- 
trations above 0.5 pg/g. These lakes 
had pH < 7.0, alkalinities < 200 peq/L, 
calcium concentrations < 10 mg/L, and 
chlorophyll-a concentrations < 5.0 
pg/L. (Table 27 shows that none of the 
15.0-19.9 inch fish from the state 
dataset exceeded the Wisconsin stan- 
dard in any of the chlorophyll-a catego- 
ries.) Only the alkalinity cut-off dif- 
fered from that of the mercury study 
lakes, where it was <1,000 peq/L. 
However, when the actual mean mer- 
cury concentrations are examined, the 
differences are not great. The mean 
concentration for the mercury study 
lakes was 0.51 pg/g compared to 0.46 
pg/g for the state dataset. This differ- 
ence could be due to sample size differ- 
ences or lab analytical variability and 
indicates that values close to the cate- 
gory limits should be interpreted cau- 
tiously. 

Information on walleye mercury 
concentrations from the mercury study 
lakes (38 lakes) and the state dataset 
lakes (80 lakes) can be combined and 
analyzed as in Tables 7-8 and 24-25. 
For the combined datasets we com- 
puted for each of the three length 
classes in the corresponding pH and al- 
kalinity categories: (1) the lake mean 

walleye mercury concentration and (2) 
the 95% confidence interval about the 
mean. The results demonstrate that 
walleye mercury concentrations in- 
crease as fish size increases and as pH 
and alkalinity decrease (Fig. 5). The 
data also show that some hard-water 
lakes will have large walleyes ( 2 20 
inches) with mercury concentrations 
greater than the Wisconsin health stan- 
dard. As more fish are tested, this anal- 
ysis could be performed on smaller size 
ranges of fish and on narrower ranges of 
the water chemistry categories, which 
should decrease the size of the c o d -  
dence intervals depicted in Figure 5. 

By comparing our study results to 
those of Helwig and Heiskary (1985), 
we see that problem lakes in Wisconsin 
and Minnesota share the same charac- 
teristics. Decreasing ionic content of 
the water consistently shows a relation- 
ship with increasing fish mercury con- 
centrations (Scheider et al. 1979; Akie- 
laszek and Haines 1981; Wiener 1983, 
1986; Rodgers and Beamish 1983; 
Verta et al. 1986). Characterization of 
these lake types allows the identi6ca- 
tion of specific lakes that are likely to 
contain contaminated walleyes and in- 
dicates potentially useful areas of re- 
search to understand the cycling of 
mercury in lakes. 



TABLE 20. Models derived from water chemistry data of mer- 
cury study lakes for predicting log-transformedfish mercury 
concentrations. 

Model Parameter* Coefficient P** R2 P > F a  

1 Intercept -0.027 - 0.60 0.0001 
log Ca -0.301 <0.001 
Tot. P 2.905 0.037 
Chl-a -0.016 0.001 

2 Intercept 0.250 - 0.56 0.0001 
log alk. -0.205 0.002 
Tot. P 2.816 0.051 
Chl-a -0.016 0.001 

3 Intercept -0.027 - 0.53 0.0001 
log Ca -0.291 0.001 
Chl-a -0.009 0.007 

4 Intercept 0.244 - 0.54 0.0001 
log alk. -0.199 0.004 
Chl-a -0.009 0.007 

5 Intercept -0.662 - 0.42 0.0004 
log alk. 0.423 0.281 
log Ca -0.940 0.080 

*Units: loglo pg Hg/g wet weight of fish, Ca (mg/L), Tot. P 
(mg/L), alkalinity h e d L ) ,  chorophyll-a (un/L). - - . , - , . 

**t-test for the nullh3;pothesis: parameter = 0, when the other 
parameters are included in the model. 

aF-test for the null hypothesis: all slope parameters = 0. 

TABLE 21. Lake chemistry parameters for state dataset lakes. 

Lake County pH 

Amacoy Rusk 7.2 
Arrowhead* Vilas 7.2 
Ashegon Sawyer 7.0 
Balsam Polk 7.7 
Bear* Barron 7.5 
Bear Ashland 7.2 
Beauregard* Douglas 6.1 
Big Arbor Vitae Vilas 7.4 
Big Carr* Oneida 6.4 
Bird* Oneida 6.4 
Brandy Vilas 7.3 
Buffalo Oneida 7.0 
Bullhead* Manitowoc 7.8 
Carrol* Oneida 8.5 
Clara Lincoln 6.6 
Clear Oneida 7.2 
Cranberry Price 6.9 
Currie* Oneida 5.7 
Elk* Price 7.1 
Escanaba Vilas 7.1 
Franklin Forest 7.1 
Geneva* Walworth 8.1 
Green, Big Green Lake 8.1 
Hodstradt* Oneida 6.3 
Kangaroo Door 8.2 
Keyes Florence 6.8 
Lac La Belle Waukesha 8.2 
Long Chippewa 7.5 
Long* Price 7.1 
Long Washburn 7.7 
Lower Clam Sawyer 7.4 
Lower Kaubashine Oneida 7.9 
Lt. St. Germain Vilas 7.3 
Lucerne Forest 7.4 
L ~ m a n *  Douglas 7.0 
Mayflower* Marathon 7.9 
McGrath Oneida 5.2 
Mendota Dane 8.5 
Menominee Dunn 8.2 
Mid Oneida 7.3 

Alk. 
LEil!w 

760 
460 
196 

1,380 
1,520 

796 
47 

1,029 
25 
54 

740 
114 

2,620 
939 
36 

140 
300 

30 
640 
300 
260 

3,620 
3,500 

33 
3,380 

916 
3,900 

920 
580 

1,820 
736 
729 
608 
652 
400 

2,020 
-5 

3,400 
1,640 

940 

Lake County 

Mid Eau Claire Bayfield 
Moose Sawyer 
Musser* Price 
Nagawicka Waukesha 
Namekagon* Bayfield 
Nebagamon Douglas 
Nelson Sawyer 
North Twin* Vilas 
Oswego Vilas 
Otter Langlade 
Owl* Iron 
Pewaukee Waukesha 
Pine Forest 
Pine Lincoln 
Potato* Rusk 
Rib Taylor 
Riley Chippewa 
Round Burnett 
Round Sawyer 
Sand* Florence 
Seven Island Lincoln 
Seventeen Oneida 
Silver* Lincoln 
S i b a g a m a  Sawyer 
South Twin V i  
Solberg* Price 
Spectacle Vilas 
s s w w  St. Croix 
Sunset V i  
Tainter Dunn 
Tomahawk Oneida 
Trout* V i  
Upper Kaubashine Oneida 
Vieux Desert* Vilas 
Waubesa Dane 
Wheeler* Oconto 
White Potato* Oconto 
Windigo* Sawyer 
W i e b a g o  Winnebago 
Yellow* Burnett 

Alk. Ca 
(ueq/L) (mg/L) 

*Lakes with enough walleyes sampled to calculate a 17-inch h h  mercury level. 



TABLE 22. Calculated and model-predicted fish mercury values for state 
dataset. 

(PB/B) 
Lake County Calc. Fish Hg Model 3 Model 4 Model 5 

Arrowhead 
Bear 
Beauregard 
Big Carr 
Bird 
Bullhead 
Carrol 
Currie 
Elk 
Geneva 
Hodstradt 
Long 
Lyman 
Mayflower 
Musser 
Namekagon 
North Twin 
Owl 
Potato 
Sand 
Silver 
Solberg 
Trout 
Vieux Desert 
Wheeler 
White Potato 
Windigo 
Yellow 

Vilas 
Barron 
Douglas 
Oneida 
Oneida 
Manitowoc 
Oneida 
Oneida 
Price 
Walworth 
Oneida 
Price 
Douglas 
Marathon 
Price 
Bayfield 
Vilas 
Iron 
Rusk 
Florence 
Lincoln 
Price 
Vila  
Vilas 
Oconto 
Oconto 
Sawyer 
Burnett 

TABLE 23. Pearson correlation of calcu- 
lated to model-predicted values for log- 
transformed fish mercury. 

Mercury State 
Study Dataset 

Model T T 

TABLE 24. Mean walleye mercury values for length classes and lake pH categories using the state dataset. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 

pH (bgk) (SD,n)* Camp.** (pg/g) (SD,n) Comp. (pg/g) (SD,n) Comp. (bg/g) (SD,n) Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with different designated letters are significantly different a t  a = 0.05. 

Comparison of means carried out within length columns, not across rows. 

TABLE 25. Mean walleye mercury valuesfor length classes and lake alkalinity categories using the state dataset. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Alkalinity Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 
beq/L) (bg/g) (SD,n)* Camp.** (pg/g) (SD,n) Comp. (pg/g) (SD,n) Comp. (bg/g) (SD,n) Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with different designated letters are significantly different a t  a = 0.05. 

22 Comparisons of means carried out within length columns, not across rows. 



A <I5 inches 
6 1 5 - 2 0  inches 
C 220 inches 

<260 2001999 >l,b00 
ALKALINITY ( ~ e q / L )  

-- - - pp - -- pp 

FIGURE 5. Walleye mercury concentration means and 95% confi- 
dence intervals for fish length classes in lakes of different pH and alka- 
linity categories. (Data combined from mercury study and state 
datasets. Means are based on individual lake mean concentrations of 
walleyes.) 

TABLE 26. Mean walleye mercury values for length classes and lake calcium categories using th state dataset. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Calcium Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 
(mg/L) (&g) (SD,n)* Camp.** (wig) (SD,n) Comp. (pg/n) (SD,n) Comp. ( ~ g l g )  (SD,n) Comp. 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**SignScance of Bonferroni comparisons. Mean Hg levels with different designated letters are significantly different a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 

TABLE 27. Mean walleye mercury values for length classes and lake chlorophyll-a categories using the state dataset. 

All Lengths < 15.0 Inches 15.0-19.9 Inches 220.0 Inches 
Chl-a Mean Hg Si. Mean Hg Sig. Mean Hg Sig. Mean Hg Sig. 
(mg/L) (pg/g) (SD,n)* Camp.** (pglg) (SD,n) Comp. (wg/g) (SD,n) Comp. (pglg) (SD,n) Comp. 

i 5.0 0.56 (0.35,27) A 0.32 (0.18,lO) A 0.47 (0.25,20) -A 0.83 (0.42,16) A 
5.0-9.9 0.43 (0.21,13) A 0.30 (0.14,4) A 0.41 (02111) A 0.56 (0.32,18) A 
210.0 0.40 (0.26,31) A 0.30 (0.17,16) A 0.41 (0.31,18) A 0.63 (0.44,18) A 

*n refers to number of lakes having mean walleye mercury concentrations used to calculate mean concentrations in the table. 
**Significance of Bonferroni comparisons. Mean Hg levels with Merent designated letters are significantly different a t  a = 0.05. 

Comparisons of means carried out within length columns, not across rows. 23 



SUMMARY 
Forty-three lakes were sampled four 

times from the summer of 1985 through 
the following winter to determine char- 
acteristic lake values for water chemis- 
try parameters. The lake sediments 
also were sampled during the summer 
of 1985 to provide additional informa- 
tion about each lake. Mercury analyses 
were run on 231 walleyes that had been 
collected from 38 of the study lakes. 
Thirty-one lakes had enough walleyes 
collected to predict the mercury con- 
centration of a standardized 17-inch 
fish. This length was similar to the me- 
dian length of walleyes collected for our 
study and represented the average 
length of walleyes caught by anglers 
fishing Wisconsin lakes. 

We found a positive correlation be- 
tween fish length and mercury concen- 
tration for walleyes from all the lakes. 
Regression analyses identified two pa- 
rameters that related closely to walleye 
mercury concentration: reduced levels 
of both (1) lake ionic character (pH, al- 
kalinity, calcium concentration, and 
conductivity) and (2) productivity 
(chlorophyll-a). The lakes were next 
assigned to appropriate categories of 
these water chemistry parameters. The 
categories were defined by ranges of 
lake pH ( ~ 6 . 0 ,  6.0-6.9, 7.0-7.9, and 
28.0); alkalinity ( < 200, 200-999, and 
2 1,000 peq/L); calcium ( <5, 5-9, and 
2 10 mg/L); conductivity ( c 50, 
50-149, and 2150 pmhos/cm); and 
chlorophyll-a ( c 5 ,  5-9, and 3 10 
pg/L). Mean walleye mercury concen- 
trations were compared between cate- 
gories for statistically significant differ- 
ences. Walleyes were then divided into 
three length classes ( < 15.0, 15.0-19.9, 
and 220.0 inches), and mean mercury 
concentrations between the same water 
chemistry categories were compared 
for each length class separately. 

In all cases mean mercury concen- 
trations for all length categories in- 
creased as lake pH, alkalinity, calcium, 
conductivity, and chlorophyll-a values 
decreased. Statistically significant dif- 
ferences between means were obtained 
for many of the comparisons. Within 
each parameter category, mercury con- 
centrations increased as walleye length 
increased; larger fish were more con- 
taminated. These same analyses also 
were performed on an independent 
dataset of 80 lakes where walleye mer- 
cury concentration and water chemis- 
try data were available. Similar find- 

24 ings were obtained for pH, alkalinity, 

and calcium. Fish data for the mercury 
study and state datasets were com- 
bined, and lake mean concentrations 
and their 95% confidence intervals 
were computed for each fish length 
class and pH and alkalinity category. 

We identified lake parameter cate- 
gories having mean mercury concentra- 
tions greater than the Wisconsin stan- 
dard of 0.5 pg/g wet weight. (Even if 
mean concentrations were greater than 
the limit, individual fish or fish from in- 
dividual lakes could be below the 
limit.) The mean mercury concentra- 
tions of all length classes of walleyes in 
lakes with pH values < 6.0 exceeded 
the Wisconsin standard. In lakes with 
pH 6.0-6.9, mean mercury concentra- 
tions exceeded the Wisconsin standard 
for walleyes 215.0 inches. In lakes 
with pH 27.0, mean mercury concen- 
trations for walleyes t 20.0 inches were 
below the 0.5 pg/g limit. However, 
mean mercury concentrations of wall- 
eyes >20.0 inches exceeded the Wis- 
consin standard in lakes of all pH cate- 
gories and exceeded the FDA standard 
(1.0 pglg) in lakes with pH c7.0. The 
mean mercury concentration of wall- 
eyes 220.0 inches exceeded the 0.5 
pg/g limit in the mercury study lakes, 
but was less than the limit in the state 
dataset lakes for lakes with pH 38.  
When the two datasets were combined, 
the mean was slightly less than the 
limit, but not significantly different 
from the limit. Apparently, the older, 
larger fish in the hard-water lakes also 
can accumulate enough mercury to 
warrant concern. Similar results were 
obtained for the other water chemistry 
parameters, though the actual mean 
mercury concentrations depended on 
the assigned cut-off points that defined 
the categories. 

Sediment chemistry characteristics 
were less conclusive, but some interest- 
ing dzerences between lake types were 
found. Mercury concentrations in the 
sediments of the study lakes were gen- 
erally < 0.2 pg/g dry weight, except in 
one lake where the sediments were con- 
taminated by industrial and sewage 
discharges. Mercury concentrations 
were significantly higher in the sedi- 
ments of soft-water lakes with pH val- 
ues < 7.0 than in the sediments of hard- 
water lakes with pH values 27.0. Or- 
ganic content of the sediments, as rep- 
resented by both percent ignition loss 
and total nitrogen concentration, also 
was significantly higher in the lakes 

with pH values c 7.0. The relationship 
between sediment organic content and 
mercury has been considered impor- 
tant in the scientific literature. How- 
ever, the differences in the relationship 
between mercury and organic content 
that we found between the soft-water 
and hard-water lakes will require fur- 
ther study to determine how they affect 
differences in walleye mercury concen- 
trations. 

The Hakanson (1980) model, which 
predicts northern pike mercury levels 
from lake pH, sediment mercury, and 
lake productivity data, was tested in 
our study. After some adjustments the 
model was a statistically significant 
predictor of walleye mercury concen- 
trations in Wisconsin lakes. However, 
the usefulness of this model is limited 
because of the time and cost of collect- 
ing the necessary data. Furthermore, 
the predictive capability of a simpler 
lake chemistry model developed from 
our data was as good as the Hakanson 
model. 

Based on our lake dataset, the best 
three-variable models for predicting 
mercury concentration in 17-inch wall- 
eyes used: (1) calcium, total phos- 
phorus, and chlorophyll-a and (2) alka- 
l ini ty ,  t o t a l  phosphorus, and  
chlorophyll-a as independent variables. 
The best two-variable models used: (1) 
calcium and chlorophyll-a and (2) alka- 
linity and chlorophyll-a. The best of 
the two-variable models not involving 
chlorophyll-a used calcium and alkalin- 
ity. The two-variable models were 
tested on an independent dataset of 28 
Wisconsin lakes not included in the 
mercury study dataset. Correlation co- 
efficients of calculated vs. model-pre- 
dicted mercury concentrations for a 
17-inch walleye were determined for 
the same models on the two difTerent 
datasets. The model that produced the 
best results on the state dataset used 
calcium and alkalinity, perhaps 
because of problems in determining 
chlorophyll-a levels for the state 
dataset. 

Clearly, soft-water, poorly buffered, 
low pH lakes had the highest concen- 
trations of mercury in walleyes. North- 
ern Wisconsin has numerous lakes of 
this type. Our analyses also suggest 
that if a lake were to have its pH low- 
ered, mercury concentrations in wall- 
eyes might increase. The mechanisms 
responsible for this increase are not 
clear and need further study. 



APPENDIX 
APPENDIX TABLE 1. Walleyes collected from mercuq  study lakes. 

Walleye 
Lake Length Weight Hg 

Lake County Number (inches) (kg) (~g /g )  

Amnicon 
Amnicon 
Amnicon 
Amnicon 
Amnicon 
Amnicon 
Amnicon 
Amnicon 
Amnicon 
Bass 
Bass 
Bass 
Bass 
Bass 
Big Muskellunge 
Big Muskellunge 
Big Muskellunge 
Butternut 
Butternut 
Butternut 
Butternut 
Butternut 
Butternut 
Butternut 
Cedar 
Cedar 
Cedar 
Cedar 
Cedar 
Cedar 
Clark 
Clark 
Clark 
Clark 
Clark 
Clark 
Clark 
Crystal 
Crystal 
Delavan 
Delavan 
Delavan 
Devils 
Devils 
Devils 
Devils 
Devils 
Dowling 
Dowling 
Dowling 
Dowling 
Dowling 
Dowling 
Dowliig 
Dowliig 
Dowling 
Dowliig 
Emily 
Emily 
Emily 
Franklin 
Franklin 

Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Price 
Price 
Price 
Price 
Price 
Vilas 
Vilas 
Vilas 
Forest 
Forest 
Forest 
Forest 
Forest 
Forest 
Forest 
Polk 
Polk 
Polk 
Polk 
Polk 
Polk 
Door 
Door 
Door 
Door 
Door 
Door 
Door 
Sheboygan 
Sheboygan 
Walworth 
Walworth 
Walworth 
Sauk 
Sauk 
Sauk 
Sauk 
Sauk 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Florence 
Florence 
Florence 
Oneida 
Oneida 

Walleye 
Lake Length Weight Hg 

Lake County Number (inches) (kg) (pg/g) 

Franklin Oneida 
Grindstone Sawyer 
Grindstone Sawyer 
Grindstone Sawyer 
Grindstone Sawyer 
Jag Vilas 
Jag Vilas 
Jag v i a s  
Jag Vilas 
Jag Vilas 
Jag Vilas 
Jag Vilas 
Jag Vilas 
Joyce Vilas 
Little Arbor Vitae Vilas 
Little Arbor Vitae Vilas 
Little Arbor Vitae Vilas 
Little Arbor Vitae Vilas 
Little Green 
Little Green 
Little Green 
Little Green 
Little Green 
Long 
Long 
Long 
Metonga 
Metonga 
Metonga 
Monona 
Monona 
Monona 
Monona 
Monona 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
Noquebay 
North Two 
North Two 
P i e  
P i e  
Pike 
P i e  
Pike 
Pike 
Pike 
Pike 
Pike 
Pike 

Green Lake 
Green Lake 
Gwen Lake 
Green Lake 
Green Lake 
Oneida 
Oneida 
Oneida 
Forest 
Forest 
Forest 
Dane 
Dane 
Dane 
Dane 
Dane 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Marinette 
Oneida 
Oneida 
Washington 
Washington 
Washington 
Washington 
Washiigton 
Washington 
Washington 
Washington 
Washington 
Washington 



APPENDIX TABLE 1. Continued. 

Rock 
Rock 
Rock 
Rock 
Rock 
Rock 
Rock 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Round 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Scott 
Scott 
Scott 
Scott 
Scott 
Scott 
Scott 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 

Jefferson 
Jefferson 
Jefferson 
Jefferson 
Jefferson 
Jefferson 
Jefferson 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Chippewa 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Polk 
Polk 
Polk 
Polk 
Polk 
Polk 
Polk 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Barron 
Barron 
B a m n  
Barron 
Barron 
Barron 
Barron 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Shawano 

Walleye 
Lake Length Weight Hg 

Lake County Number (inches) (kg) ( ~ g / &  

Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Shell 
Silver, Big 
Silver, Big 
Silver, Big 
Silver, Big 
Silver, Big 
Siskiwit 
Siskiwit 
Siskiwit 
Siskiwit 
Siskiwit 
Sikiwit 
Siskiwit 
Sikiwit 
Siskiwit 
Sugar Camp 
Sugar Camp 
Sugar Camp 
Sugar Camp 
Sugar Camp 
Sugar Camp 
Sugar Camp 
Tahkodah 
Tahkodah 
Tahkodah 
Twin Bear 
Twin Bear 
Twin Bear 
White Birch 
White Birch 
White Birch 
White Birch 
White Birch 
White Birch 
White Birch 
W i d  
Wind 

Shawano 
Shawano 
Shawano 
Shawano 
Shawano 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Washburn 
Waushara 
Waushara 
Waushara 
Waushara 
Waushara 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Bayfield 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
V i  
Racine 
Racine 



APPENDIX TABLE 2. Water  chemistry analyses of the mercury study lakes. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi Chl-a Tot. P 
ICounty) Date (m) (C) (mg/L) (~mhadcm)  pH (wqlL) (mn/L) (Pt-Co) (m) (clglL) (ML) 

Amnicon 23Jul85 
(Douglas) 

20 Aug 85** 

22 act 85 

11 Feb 86 

Bass 24 Jul85 
(Price) 

19 Aug 85** 

30 Oct 85 

12 Feb 86 

Big Muskellunge 10 Jul85 
(Vilas) 

6 Aug 85** 

15 Oct 85 

4 Feb 86 

Butternut 10 Jul85** 
(Forest) 

29 Oct 85 

3 Feb 86 

Cedar 22 Jul85** 
(Polk) 

26 Aug 85 

21 Oct 85 

10 Feb 86 



APPENDIX TABLE 2. Continued. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi Chl-a Tot. P 
ICounty) Date (m) (C) (mg/L) (~mhos/cm) pH (~eq/L)  (mg/L) (Pt-Co) (m) (w/L)  ( N ~ / L )  

Clark 
(Door) 

Clear 
(Langlade) 

Crystal 
(Sheboygan) 

Delavan 
(Walworth) 

Devils 
(Sauk) 

Dowling 
(Douglas) 

15 Jul85 

14 Aug 85** 

3 Oct 85 

9 Jan 86 

5 Aug 85** 

28 Aug 85 

14 Oct 85 

22 Jan 86 

15 Jul85 

14 Aug 85** 

17 Oct 85 

31 Jan 86 

2 Jul85** 

30 Jul85 

25 Nov 85 

30 Jan 86 

24 Jun 85a 
26 Jul85** 

16 Oct 85 

29 Jan 86 

23 Jul85 

20 Aug 85** 

22 Oct 85 

11 Feb 86 



APPENDIX TABLE 2. Continued. 

Emily 
(Florence) 

Franklin 
(Oneida) 

Grindstone 
(Sawyer) 

Jag 
(Vilas) 

Joyce 
( Viks ) 

9 Jul85** 

6 Aug 85 

29 Oct 85 

3 Feb 86 

9Ju l85  

5 Aug 85** 

30 Oct 85 

24 Jan 86 

22Jul85 

21 Aug 85** 

21 Oct 85 

13 Feb 86 

9 Jul85** 

7 Aug 85 

10 Oct 85 

23 Jan 86 

10 Jul85** 

7Aug85 

28 Oct 85 

23 Jan 86 

Little Arbor Vitae 2 Jul85 
(Oneida) 

5 Aug 85** 

10 Oct 85 

24 Jan 86 



APPENDIX TABLE 2. Continued. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi C h l a  Tot. P 
(County) Date (m) (C) (mg/L) ( P ~ ~ s I c ~ )  pH (~eq /L)  (mg/L) (Pt-'30) (m) W L )  ( M L )  

Little Green 18 Jul85** 
(Green Lake) 

8 Aug 85 

17 Oct 85 

31 Jan 86 

Long 9 Jul85 
(Oneida) 

6 Aug 85** 

29 Oct 85 

4 Feb 86 

Lost 9 Jul85** 
(Florence) 

6 Aug 85 

29 Oct 85 

3 Feb 86 

Lower Bass 8 Jul85** 
(Langlade) 

5 Aug 85 

14 Oct 85 

22 Jan 86 

Metonga 6 Aug 85** 
(Forest) 

28 Aug 85 

14 Oct 85 

3 Feb 86 



APPENDIX TABLE 2. Continued. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi Chl-a Tot. P 
(County) Date (m) (C) (mg/L) (umhas/cm) pH (ueq/L) (mg/L) (Pt-Co) (m) (MIL) (ug/L) 

Monona 
(Dane) 

Noquebay 
(Marinette) 

North Two 
(Oneida) 

Pike 
(Washington) 

Pine 
( Waukesha) 

17 Jun 85 

29 Jul85 

26 Nov 85 

21 Jan 86 

16 Jul85 

13 Aug 85** 

2 Oct 85 

8Jan86 

2Jul85 

5 Aug 85** 

29 Oct 85 

4 Feb 86 

17 Jul85** 

15 Aug 85 

26 Nov 85 

31 Jan 86 

17 Jul85** 

15 Aug 85 

26 Nov 85 

31 Jan86 



APPENDIX TABLE 2. Continued. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi Chl-a Tot. P 
(County) Date (m) (C) (mglL) (~mhoslcm) pH (~eq/L) (m/L)  (Pt-Co) (m) (MIL) (MIL) 

Rock 
(Jefferson) 

Round 
(Chippewa) 

Sand 
(Oneida) 

Sand 
(Polk) 

Scott 
(Barron) 

28 Jun 85** 

30 Jul85 

26 Nov 85 

30 Jan 86 

14 Aug 85 

21 Aug 85** 

23 Oct 85 

13 Feb 86 

1 Jul85 

6 Aug 85 

29 Oct 85 

4 Feb 86 

22 ~ u l  85- 

26 Aug 85 

21 Oct 85 

10 Feb 86 

24 Jul85** 

26 Aug 85 

21 Oct 85 

12 Feb 86 

23 Jul85** 

26 Aug 85 

21 Oct 85 

10 Feb 86 



APPENDIX TABLE 2. Continued. 

Lake Sampling Depth Temp. DO Conduct. Alk. Ca Color Secchi Chl-a Tot. P 
(County) Date (m) (C) (mg/L) (umhoslcm) pH (uw&) (mg/L) (Pt-Co) (m) (M/L) (wg/L) 

Shawano 
(Shawano) 

Shell 
(Washburn) 

Silver, Big 
(Waushara) 

Siskiwit 
(Bayfield) 

Sugar Camp 
(Oneida) 

Tahkodah 
(Bayfield) 

16 Jul85 

13 Aug 85** 

2 Oct 85 

9 Jan 86 

23 Jul85** 

26 Aug 85 

21 Oct 85 

10 Feb 86 

18 Jul85** 

8 Aug 85 

7 Nov 85 

29 Jan 86 

23Jul85 

20 Aug 85** 

22 Oct 85 

12 Feb 86 

1 Jul85 

7 Aug 85** 

28 Oct 85 

4 Feb 86 

24Jul85 

19 Aug 85** 

23 Oct 85 

12 Feb 86 



APPENDIX TABLE 2. Continued. 

Lake Sampliig Depth Temp. DO Conduct. Alk. 
(County) Date (m) (C) ( m g l L ) ( ~ d ~ ~ l c m ) p H  

TwentySi 23 Jul85** 0.0 23.5 8.8 - 7.8 928 
(Burnett) 6.0 16.8 9.6 - 7.2 - 

9.0 8.5 1.0 - 6.2 - 
10.0 7.7 0.0 - - - 
13.5 7.0 0.0 - 6.0 - 

27 Aug 85 0.0 19.5 8.8 93 8.4 900 
7.6 13.5 1.4 103 7.1 - 
9.1 10.5 0.4 - - - 

13.1 8.5 0.0 181 7.0 - 
22 0ct 85 0.0 10.5 8.8 284 7.3 900 

12.2 10.0 7.1 292 7.2 - 
11 Feb 86 0.9 0.8 11.0 109 6.8 1,000 

6.1 3.7 6.7 111 6.8 - 
12.2 4.6 4.2 160 6.8 - 

Twin Bear 23 J d 8 5  0.0 24.5 8.0 113 8.2 1,020 
(Bayfield) 9.1 12.5 7.0 115 7.6 - 

12.2 10.0 0.7 - - - 
16.5 9.5 0.2 126 7.0 - 

20 Aug 85** 0.0 19.0 8.5 - 7.2 1,118 
9.0 12.0 6.3 - - - 

11.0 9.0 0.2 - 6-5 - 
17.2 8.0 - - 6.5 - 

23 Oct 85 0.0 10.5 9.9 112 7.3 1,020 
17.1 9.5 8.4 114 7.4 - 

12 Feb 86 0.9 1.0 10.0 126 7.0 1,160 
9.1 3.8 4.8 133 7.0 - 

16.5 4.4 2.8 139 7.0 - 
White Birch 11 Jd 85** 0.0 22.0 8.7 - 9.0 557(g) 
(Vilas) 4.0 21.0 8.0 - 7.8 - 

6.0 18.3 4.5 - 6.6 - 
7 Aug 85 0.0 23.0 8.1 64 8.8 580 

3.0 22.8 8.0 65 8.9 - 
6.4 21.5 1.9 75 6.9 - 

15 Oct 85 0.0 9.0 9.5 58 7.4 531(g) 
6.7 9.0 9.8 60 7.5 - 

23 Jan 86 0.9 1.0 9.7 64 6.3 520 
3.7 4.0 2.1 67 6.3 - 
6.7 5.0 0.5 82 6.4 - 

W i d  2 Jul85** 0.0 24.5 10.2 - 8.9 3,060 
(Racine) 4.5 21.2 3.5 - - - 

5.5 20.3 1.2 - 7.7 - 
8.0 19.5 0.0 - 7.6 - 

13.0 17.9 0.0 - 7.6 - 
30 Jul85 0.0 24.2 5.8 - 8.1 3,936 

8.0 19.7 0.0 - 7.1 - 
15.0 16.5 0.0 - 6.6 - 

25 Nov 85 0.0 1.5 10.6 535 7.7 3,040 
12.5 2.0 11.2 572 7.8 - 

30 Jan 86 0.9 2.0 7.9 810 7.3 3,480 
7.6 2.3 6.1 1,088 7.4 - 

14.6 3.0 3.0 1,104 7.5 - 

*(g) signifies that the alkalinity was determined by the gran titration method. 
**Sediment samples were taken. 
aData collected by Wisconsin State Park Service. 

Ca Color Secchi Chl-a 
(rng/L) (Pt-Co) (m) ( ~ g b )  

Tot. P 
0 



APPENDIX TABLE 3. Sediment data from mercury study lakes.* 

Lake 

Amnicon 

Bass 

Big Muskellunge 

Butternut 

Cedar 

Clark 

Clear 

Crystal 

Delavan 

Devils 

Dowling 
Emily 

kanklin 

Grindstone 

Jag 
Joyce 
Little Arbor Vitae 

Little Green 

Long 

Lost 

Lower Bass 

Metonga 

Lake 
Depth. Ig** 

(m) (%) 

4.6 41.5 
8.5 38.0 
4.3 20.6 
8.5 30.6 
12.2 38.9 
8.5 63.0 
14.0 - 
19.8 56.0 
6.1 5.6 
9.2 27.0 
12.8 29.4 
6.1 33.7 
8.8 24.0 
3.7 12.7 
7.3 11.1 
3.0 47.0 
6.8 51.3 
10.0 31.8 
18.6 29.3 
5.0 6.1 
11.0 16.2 
16.0 15.9 
9.2 20.4 
13.4 23.8 
4.0 38.2 
4.0 3.5 
9.0 49.4 
13.0 47.5 
4.6 34.2 
7.6 39.8 
11.3 1.7 
17.1 36.1 
4.0 52.9 
12.5 55.5 
5.8 50.2 
9.2 47.4 
3.9 26.7 
8.2 32.6 
6.0 56.6 
10.5 62.0 
4.0 23.3 
9.0 55.2 
14.0 59.9 
4.0 61.8 
6.0 64.2 
9.0 0.8 
12.0 41.6 
21.7 36.1 

Kjdl. N P Ca 
(mg/g dry weight) 

Mg Fe S 

3.7 107.3 3.2 
3.7 107.5 3.3 
3.2 11.9 1.8 
3.8 13.7 3.0 
3.9 15.4 4.6 
2.8 13.2 6.5 
2.9 11.4 8.8 
3.3 12.9 9.3 
2.3 43.4 0.4 
4.2 92.3 2.2 
4.3 85.5 2.3 
4.6 20.1 5.2 
6.3 17.8 5.1 
9.9 2.8 6.3 
10.8 2.6 6.5 
2.2 15.1 3.4 
2.6 11.3 4.0 
27.9 12.1 11.6 
28.1 10.4 8.8 
11.9 3.2 5.7 
11.0 12.7 8.2 
12.0 11.1 9.4 
4.5 29.7 3.4 
4.3 39.2 3.7 
3.4 45.8 3.7 
5.6 15.1 1.4 
5.0 26.7 2'7.5 
4.2 23.8 25.2 
3.5 19.1 4.1 
3.3 13.9 4.7 
0.9 14.0 0.2 
2.3 32.5 6.5 
3.4 12.6 4.7 
2.5 10.2 8.4 
2.4 93.5 5.2 
2.2 107.0 5.3 
8.0 22.3 4.1 
6.4 26.9 8.0 
2.1 8.9 5.4 
1.9 7.1 5.7 
2.0 11.2 1.9 
2.6 9.2 6.2 
2.6 8.6 8.6 
2.3 9.4 6.0 
2.4 9.9 6.7 
0.9 6.0 0.1 
4.2 35.2 5.3 
3.3 45.8 6.1 

(WQ/Q dry weight) 
Zn Li Co 



APPENDIX TABLE 3. Continued. 

Lake 
Depth IgZ* (mg/g dry weight) (win dry weight) 

Lake (m) (%) Kjdl. N P Ca Mg Fe S A1 Mn Na K B Cd Cr Cu Ni Zn Li Co As Pb Mo Hg 

Monona 

Noquebay 

North Two 

Pike 

Pine 

Rock 

Round 
Sand (Oneida) 
Sand (Polk) 

Sand (Sawyer) 

Scott 

Shawano 
Shell 

Silver, Big 

Sikiwit 
Sugar Camp SE 

NW 
NW 

Tahkodah 
Twenty-Six 

Twin Bear 

White Birch 
Wind 

*Samples collected from top 0-2 cm of sediment. 
**Ig signifmi ignition loss = volatile solids. 



APPENDIX TABLE 4. Walleyes colbcted from dataset Zukes. 

Walleye 
Length Weight Hg 

Lake County (inches) (kg) ( ~ n / g )  

Amacoy 
Arrowhead 
Arrowhead 
Arrowhead 
Arrowhead 
Ashegon 
Balsam 
Balsam 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Bear 
Beauregard 
Beauregard 
Beauregard 
Big Arbor Vitae 
Big Arbor Vitae 
Big Carr 
Big Carr 
Big Carr 
Big Carr 
Big Carr 
Big Green 
Big Green 
Bird 
Bird 
Bird 
Bird 
Bird 
Bird 
Bird 
Bird 
Bird 
Brandy 
Buffalo 
Bullhead 
Bullhead 
Bullhead 
Carrol 
Carrol 
Carrol 
Clara 
Clear 
Clear 
Cranberry 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Currie 
Elk 
Elk 

Rusk 
Vias 
Vilas 
vilas 
Vilas 
Sawyer 
Polk 
Polk 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Ashland 
Barron 
Barron 
Barron 
Barron 
Barron 
Barron 
Barron 
Barron 
Douglas 
Douglas 
Douglas 
Vilas 
Vilas 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Green Lake 
Green Lake 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Vilas 
Oneida 
Manitowoc 
Manitowoc 
Manitowoc 
Oneida 
Oneida 
Oneida 
Lmcoln 
Oneida 
Oneida 
Price 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Price 
Price 

Walleye 
Length Weight Hg 

Lake County (inches) (kg) ( ~ g / g )  

Elk 
Elk 
Elk 
Elk 
Elk 
Elk 
Escanaba 
Escanaba 
Franklin 
Franklin 
Geneva 
Geneva 
Geneva 
Geneva 
Geneva 
Geneva 
Hodstradt 
Hodstradt 
Hodstradt 
Hodstradt 
Hodstradt 
Hodstradt 
Kangaroo 
Kangaroo 
Keyes 
Lac La Belle 
Lac La Belle 
Long 
Long 
Long 
L o w  
Long 
Long 
Long 
Long 
Lons 
Long 
Long 
Long 
Lower Clam 
Lower Clam 
Lower Clam 
Lower Clam 
Lower Kaubashine 
Lt. St. Germain 
Lucerne 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Lyman 
Mayflower 
Mayflower 
Mayflower 
Mayflower 
McGrath 
McGrath 
Mendota 
Mendota 
Mendota 
Mendota 
Menominee 
Menominee 
Mid 
Mid Eau Claire 
Mid Eau Claire 
Moose 
Musser 
Musser 

Price 
Price 
Price 
Price 
Price 
Price 
Vias 
Vilas 
Forest 
Forest 
Walworth 
Walworth 
Walworth 
Walworth 
Walworth 
Walworth 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Door 
Door 
Florence 
Waukesha 
Waukesha 
Chippewa 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Washburn 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Oneida 
Vias 
Forest 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Douglas 
Marathon 
Marathon 
Marathon 
Marathon 
Oneida 
Oneida 
Dane 
Dane 
Dane 
Dane 
Dunn 
Dunn 
Oneida 
Bayfield 
Bayfield 
Sawyer 
Price 
Price 



APPENDIX TABLE 4. Continued. 

Walleye 
Length Weight Hg 

Lake County (inches) (kg) ( ~ w  
Musser 
Musser 
Musser 
Musser 
Musser 
Musser 
Nagawicka 
Namekagon 
Namekagon 
Namekagon 
Namekagon 
Nebagamon 
Nelson 
North Twin 
North Twin 
North Twin 
North Twin 
North Twin 
North Twin 
North Twin 
North Twin 
Oswego 
Otter 
Otter 
Owl 
Owl 
Owl 
Owl 
Owl 
Owl 
Owl 
Pewaukee 
Pine 
Pine 
Pine 
Potato 
Potato 
Potato 
Rib 
Rib 
Rib 
Riley 
Riley 
Round 
Round 
Round 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Seven Island 
Seventeen 
Seventeen 
Silver 
Silver 
Silver 
Silver 
Silver 
Silver 
Silver 
Silver 
Sissabagama 
Sissabagama 
Sissabagama 
South Twin 
South Twin 
South Twin 

Price 
Price 
Price 
Price 
Price 
Price 
Waukesha 
Bayfield 
Baylield 
Bayfield 
Bayfield 
Douglas 
Sawyer 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Langlade 
Langlade 
Iron 
Iron 
Iron 
Iron 
Iron 
Iron 
Iron 
Waukesha 
Forest 
Forest 
Lincoln 
Rusk 
Rusk 
Rusk 
Taylor 
Taylor 
Taylor 
Chippewa 
Chippewa 
Burnett 
Sawyer 
Sawyer 
Florence 
Florence 
Florence 
Florence 
Florence 
Florence 
Florence 
Florence 
Florence 
Lincoln 
Oneida 
Oneida 
Lincoln 
Lincoln 
Lincoln 
Lincoln 
Lincoln 
Lincoln 
Lincoln 
Lincoln 
Sawyer 
Sawyer 
Sawyer 
Vilas 
Vilas 
Vilas 

Walleye 
Length Weight Ha 

Lake County (inches) (kg) (Ngjg) 

Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Solberg 
Spectacle 
Squaw 
Sunset 
Tainter 
Tainter 
Tomahawk 
Tomahawk 
Trout 
Trout 
Trout 
Trout 
Trout 
Trout 
Trout 
Trout 
Trout 
Trout 
Upper Kaubashine 
Upper Kaubashine 
Upper Kaubashine 
Upper Kaubashine 
Upper Kaubashine 
Vieux Desert 
Vieux Desert 
Vieux Desert 
Waubesa 
Waubesa 
Waubesa 
Wheeler 
Wheeler 
Wheeler 
White Potato 
White Potato 
White Potato 
Widigo 
Windigo 
Windigo 
Widigo 
Widigo 
Windigo 
Windigo 
Widigo 
Widigo 
Widigo 
Windigo 
Widigo 
Widigo 
Widigo 
W i e b a g o  
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 
Yellow 

Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Price 
Vilas 
St. Croix 
Vilas 
Dunn 
Dunn 
Oneida 
Oneida 
Vilas 
Vilas 
Vias 
Vilas 
Vilas 
Vilas 
Vilas 
Vilas 
Vias 
Vilas 
Oneida 
Oneida 
Oneida 
Oneida 
Oneida 
Vilas 
Vilas 
Vilas 
Dane 
Dane 
Dane 
Oconto 
Oconto 
Oconto 
Oconto 
Oconto 
Oconto 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Sawyer 
Winnebago 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 
Burnett 



LITERATURE CITED 
AKIELASZEK, J. J. AND T. A. HAINES 

1981. Mercury in the muscle tissue of the 
fish from three northern Maine 
lakes. Bull. Environ. Contam. Toxi- 
col. 2R201-08. 

AMERICAN PUBLIC HEALTH ASSOCIATION 
1976. Standard methods for the exami- 

nation of water and wastewater. 
14th ed. Am. Public Health Assoc., 
Am. Water Works Assoc., Water 
Pollut. Control Fed., Washington, 
D.C. 1193 pp. 

ANDREN, A. W. AND J. 0. NRIAGU 
1979. The global cycle of mercury. pp. 

1-21 in J. 0. Nriagu, ed. Biogeo- 
chemistry of mercury in the envi- 
ronment. ElsevierINorth Holland 
Biomedical Press, New York. 696 
PP. 

BLOOMFIELD, J. A., S. 0. QUINN, 
R. J. SCRUDATO, D. LoNG,A. RICHARDS, 
AND F. RYAN 

1980. Atmospheric and watershed inputs 
of mercury to Cranberry Lake, St. 
Lawrence County, N. J. pp. 175-210 
in T. Y. Toribara, M. W. Miller, 
and P.E. Morrow, eds. Polluted 
rain. Plenum Press, New York. 502 
PP. 

BODALY, R. A., R. E. HECKY, AND 
R. J. P. FUDGE 

1984. Increases in fish mercury levels in 
lakes flooded by the Churchill River 
diversion, northern Manitoba. Can. 
J. Fish. and Aquat. Sci. 41:68291. 

CALLISTER, S. M. AND M. R. WINFREY 
1986. Microbial methylation of mercury 

in upper Wisconsin River sedi- 
ments. Water, Air, and Soil Pollut. 
29:453-65. 

D'ITRI, F. M., C. S. ANNETT, AND 
A. W. FAST 

1971. Comparison of mercury levels in an 
oligotrophic and a eutrophic lake. 
Mar. Technol. Soe. J. 5:lO-14. 

DRUCKENMILLER, H. S. 
1972. Updated age-length averages for 

southeastern Wisconsin game fishes. 
Wi .  Dep. Nat. Resour. Fish Man- 
age. Rep. No. 55.6 pp. 

FAUST, S. D. AND 0. M. ALY 
1981. Chemistry of natural waters. Ann 

Arbor Sci. Publ., Inc., Ann Arbor. 
400 pp. 

FINLEY, R. W. 
1976. Geography of Wisconsin. Rev. ed. 

University of Wisconsin Regents, 
Madison, MI. 558 pp. 

FURUTANI, A. AND J. W. M. RUDD 
1980. Measurement of mercury methyl- 

ation in lake water and sediment 
samples. Appl. and Environ. 
Microbiol. 40:770-76. 

GLASS, G. E. 
1984. Acid deposition gradient-suscepti- 

bility data base. Unpubl. data filed 
at US. Environ. Prot. Agency Res. 
Lab., Duluth, Minn. 

GLAZER, R. AND D. BOHLANDER 
1978. Mercury levels in fish from eleven 

northeastern Minnesota lakes, 
1977. Minn. Dep. Nat. Resour. In- 
vest. Rep. No. 355.35 pp. 

HAKANSON, L.. 
1980. The quantitative impact of pH, bio- 

production and Hg contamination 
on the Hg content of fish (pike). En- 
viron. Pollut. Ser. B 1:285304. 

1984. On the relationship between lake 
trophic level and lake sediments. 
Water Res. 18:303-14. 

HELWIG, D. D. AND S. A. HEISKARY 
1985. Fish mercury in northeastern Mi- 

nesota lakes. M i .  Pollut. Control 
Agency, Minn. 85 pp. 

JERNELOV, A. 
1972. Factors in the transformation of 

mercury to methylmercury. pp. 
167-72 in R. Hartung and B. D. 
Dinman, eds. Environmental mer- 
cury contamination. Ann Arbor Sci. 
Publ., Inc., A m  Arbor. 349 pp. 

JERNELQV, A., L. LANDNER, AND 
T. L ~ O N  

1975. Swedish perspectives on mercury 
pollution. J. Water Pollut. Control 
Fed. 4R810-22. 

JOHNEIS, A. G., T. WESTERMARK, W. 
BERG, P. I. PERSSON, AND B. ~ O S T R A N D  

1967. Pike (Esox lucius, L.) and some 
other aquatic organisms in Sweden 
as indicators of mercury contami- 
nation in the environment. Oikos 
18:323-33. 

KLEINERT, S. J. AND P. E. DEGURSE 
1971. Mercury levels in 6sh from selected 

Wisconsin waters: a preliminary re- 
port. Wi .  Dep. Nat. Resour. Res. 
Rep. No. 73.16 pp. 

1972. Mercury levels in Wisconsin fish 
and wildlife. Wis. Dep. Nat. 
Resour. Tech. Bull. No. 52.22 pp. 

KONRAD, J. G. 
1971. Mercury content of various bottom 

sediments, sewage treatment plant 
emuents and water supplies in Wis- 
consin: a preliminary report. Wis. 
Dep. Nat. Resou. Res. Rep. No. 
74. 16 pp. 

1972. Mercury contents of bottom sedi- 
ments from Wisconsin rivers and 
lakes. pp. 200-24 in R. Hartung and 
B. D. Dinman, eds. Environmental 
mercury contamination. Ann Arbor 
Sci. Publ., Inc., Ann Arbor. 349 pp. 

KOPP, J. F. AND G. D. MCKEE 
1979. Methods for chemical analyses of 

water and wastes, 1978.3rd ed. En- 
viron. Monit. and Support Lab., 
Cincinnati, Ohio. EPA-60014-79- 
020. 

KUDO, A., H. NAGASE, AND Y. OSE 
1982. Proportion of methylmercury to the 

total amount of mercury in river 
waters in Canada and Japan. Water 
Res. 16:lOll-15. 

LILLIE, R. A. AND J. W. MASON 
1980. pH and alkalinity of Wisconsin 

lakes. Report to the acid deposition 
task force. Wi.  Dep. Nat. Resour. 3 
PP. 

1983. Limnological characteristics of W i  
consin lakes. Wis. Dep. Nat. 
Resour. Tech. Bull. No. 138.116 pp. 

MACLEOD, J. C. AND E. PESSAH 
1973. Temperature effects on mercury ac- 

cumulation, toxicity and metabolic 
rate  in rainbow trout ,  Salmo 
gairdneri. J. Fish. Res. Board Can. 
30:485-92. 

MACKENTHUN, K. M. 
1948. Age-length and length-weight rela- 

tionship of southern area lake fishes. 
Wi .  Conse~ .  Dep. Div. Fish Man- 
age. Sect. Fish. Biol. Invest. Rep. 
No. 586.8 pp. 

MATHERS, R. A. AND R. H. JOHANSEN 
1985. The effects of feeding ecology on 

mercury accumulation in walleye 
(Stizostedion oitreum oitreum) and 
pike (Esox Iwius) in Lake Simcoe. 
Can. J. Zool. 63:200612. 

MCWILLIAMS, P. C. AND W. T. W. POTTS 
1978. The effects of pH and calcium con- 

centrations on gill potentials in the 
brown trout, Salmo truth. J. Comp. 
Physiol. 126:277-86. 

MEGAN, S. A. 
1986. Polluted precipitation and the geo- 

chronology of mercury deposition in 
lake sediment in N. Minnesota. Wa- 
ter, Air, and Soil Pollut. 30:411-19. 

MIETTINEN. J. K., T. RAHOLA, 
T. HATTULA, K. RISSANEN. AND 
M. TILLANDER 

1971. Elimination of 2 0 3 ~ g  methyl-mer- 
cury in man. Ann. Clii. Res. (Hel- 
sinki) 3:11622. 

NATIONAL ACADEMY OF SCIENCES (U.S.) 
1978. An assessment of mercury in the en- 

vironment. Natl. Acad. Sci., Wash- 
ington, D. C. 185 pp. 

PMLLIPS, G. R. AND D. R. BUHLER 
1978. The relative contributions of 

methylmercury from food or water 
to rainbow trout (Salmo gairdneri) 
in a controlled laboratory experi- 
ment. Trans. Am. Fish. Soc. 
107:853-61. 

PHILLIPS, G. R.. T. E. LENHART, AND 
R. W. GREGORY 

1980. Relation between trophic position 
and mercury accumulation among 
6shes from the Tongue River Reser- 
voir, Montana. Environ. Res. 2273- 
80. 

QUINN, S. O., ED. 
1985. Acidic deposition, trace contami- 

nants and their indirect human 
health effects research needs. Work- 
shop proc. U.S. Environ. Prot. 
Agency, N.Y. State Dep. Environ. 
Conserv., Albany Med. Coll., Al- 
bany. 77 pp. 



-A, R. G.. M. R. WINFRN, 
J. G. WIENER, AND D. E. POWELL 

1987. A comparison of mercury distri- 
bution in sediment cores and mer- 
cury volatilization from surface wa- 
ters of selected northern Wisconsin 
lakes. Final report to Wis. Dep. 
Nat. Resour. Bur. Water Res. Man- 
age. 76 pp. 

R m .  P. S., J. W. M. RUDD, 
A. FURUTANI, AND L. XUN 

1985. The effect of pH on methyl mercury 
production and decomposition in 
lake sediments. Can. J. F ih .  and 
Aquat. Sci. 42685-92. 

RODGERS, D. W. AND F. W. BWISH 
1981. Uptake of waterborne methylmer- 

cury by rainbow trout (Salmo 
gairdneri) in relation to oxygen con- 
sumption and methylmercury con- 
centration. Can. J. Fish. and Aquat. 
Sci. 38:1309-15. 

19&. Water quality modifies uptake of 
waterborne methylmercury by rain- 
bow trout, Salmo gairdneri. Can. J. 
Fish. and Aquat. Sci. 40:824-28. 

RUDD, J. W. M., A. FURUTANI, AND 
M. A. TURNER 

1980. Mercury methylation by the fish in- 
testinal contents. Appl. Environ. 
Microbiol. 40:777-82. 

RUDD, J. W. M. AND M. A. TURNER 
1983. The English-Wabigoon river sys- 

tem: 11. Suppression of mercury and 
selenium bioaccumulation by sus- 
pended and bottom sediments. Can. 
J. Fish. and Aquat. Sci. 40:221827. 

RUDD, J. W. M., M. A. TURNER, 
A. FURUTANI, A. L. SWICK, AND 
B. E. TOWNSEND 

1983. The English-Wabigoon river sys- 
tem: I. A synthesis of recent re- 
search with a view towards mercury 
amelioration. Can. J. Fish. and 
Aquat. Sci. 40:2206-17. 

SCHEIDER, W. A., D. S. JEFFRIES, AND 
P. J. DILLON 

1979. Effects of acidic precipitation in pre- 
cambrian freshwaters in S. Ontario. 
J. Great Lakes Res. 54551. 

SCOTT, D. P. 
1974. Mercury concentrations of white 

muscle in relation to age, growth 
and condition in four species of 
fishes from Clay Lake, Ontario. J. 
Fish. Res. Board Can. 31:1723-29. 

SHEFFY, T. B. 
1987. A review of mercury in Wisconsin's 

environment: recommendations for 
studying and identifying the cause 
of the problem. Wis. Dep. Nat. 
Resour. Bur. Air Manage. Publ. 
AM-021.26 pp. 

SPANGLER, W. J., J. L. SPIGARELLI, J. M. 
ROSE, R. S. FLIPPEN, AND H. H. MILLER 

1973. Degradation of methylmercury by 
bacteria isolated from environmen- 
tal  samples. Appl. Microbiol. 
25:48893. 

STOKES, P. M., S. I. DREIER, 
M. 0. FARKAS, AND R. A. N. McLEAN 

1983. Mercury accumulation by filamen- 
tous algae: a promising biological . 
monitoring system for methyl mer- 
cury in acid-stressed lakes. Environ. 
Pollut. Ser. B 5(4):25571. 

SUMMERS, A. 0. AND S. SILVER 
1978. Microbii transformations of met- 

als. Annu. Rev. Microbiol. 32:637- 
72. 

SURMA-AHO, K., J. PAASIVIRTA, 
S. REKOLAINEN, AND M. VERTA 

1986. Organic and inorganic mercury in 
the food chain of some lakes and res- 
ervoirs in Finland. Publ. Water Res. 
Inst. (Helsinki) 65:59-71. 

SYERS, J. K., I. K. ISKANDAR, AND 
D. R. KEENEY 

1973. Distribution and background levels 
of mercury in sediment cores from 
selected Wisconsin lakes. Water, 
Air, and Soid Pollut. 210518. 

THANABALASINGAM. P. AND 
W. F. PICICERING 

1985. The sorption of Hg(I1) by humic 
acids. Environ. Pollut. Ser. B. 
9:267-79. 

THOMAS, R. L. AND J. M. JACQUET 
1976. Mercury in the surficial sediments 

of Lake Erie. J. Fish. Res. Board 
Can. 33(3):404-12. 

TOMLINSON, G. H., R. J. P. BROUZES, 
R. A. N. McLEAN, AND J. KADLECEK 

1980. The role of clouds in atmospheric 
transport of mercury and other pol- 
lutants. pp. 134-37 in Drablus, D. 
and A. Tollan, eds. Ecological im- 
pact of acid precipitation. SNSF 
Project, Oslo. 383 pp. 

U.S. DEPARTMENT OF HEAtTH, 
EDUCATION. AND WELFARE 

1970. Study group in mercury hazards. 
Environ. Res. 4:l-69. 

VAN ENGEL, W. 
1940. The rate of growth of the northern 

pike, Esoz lueius Linneaus, in Wi 
consin waters. Copeia 3:177-87. 

VARANASI, V., P. A. ROBISCH, AND 
D. A. MALINS 

1975. Structural alterations in fish epider- 
mal mucus produced by waterborne 
lead and mercury. Nature (London) 
258:431-32. 

VERTA, M., S. REKOLAIANEN, AND 
K. KINNUNEN 

1986. Causes of increased fish mercury 
levels in Finnish resemoirs. Publ. 
Water Res. Inst. (Helsinki) 65:44- 
58. 

WESTOO, G. 
1973. Methylmercury as percentage of t+ 

tal mercury in flesh and viscera of 
salmon and sea trout of various 
ages. Science 181:567-68. 

WIENER, J. G. 
1983. Comparative analyses of the fish 

populations in naturally acid and 
circumneutral lakes in northern 
Wisconsin. U.S. Fish and Wildl. 
Serv. FWS/Obs-80/40.16.107 pp. 

1986. Effect of experimental acidifwation 
on mercury accumulation by year- 
ling yellow perch in Little Rock 
Lake, Wisconsin. Rep. to U.S. Envi- 
ron. h o t .  Agency Res. Lab., Cor- 
vallis, OR. 20 pp. 

WISCONSIN DEPARTMENT OF NATURAL 
RESOURCES 

n. d. Surface water inventory (by 
county). unpubl. data base fled at  
Wis. Dep. Nat. b u r . ,  Bur. Water 
Res. Manage., Box 7921, Madison, 
WI. 

WOBESER, G., N. 0. NIELSEN, AND 
R. H. DUNLOP 

1970. Mercury concentrations in t ' iues of 
6sh from the Saskatchewan River. 
J. Fish. Res. Board Can. 272330434. 

WOOD, J. M. 
1974. Biological cycles for toxic elements 

in the  environment. Science 
183:1049-52. 

WREN, C. D. AND H. R. MACCRIMMON 
1983. Mercury levels in the sunfish, Le- 

pomis gibbosus, relative to pH and 
other environmental variables of 
precambrian shield lakes. Can. J. 
Fish. and Aquat. Sci. 40:1737-44. 

XUN, L., N. E. R. C ~ E L L ,  AND 
J. W. M. RUDD 

1987. Measurements of specific rates of 
net methyl mercury production in 
the water column and surface sedi- 
ments of acidsed and circumneu- 
tral lakes. Can. J. Fish. and Aquat. 
Sci. 44:750-57. 



ACKNOWLEDGMENTS About the Authors 

Numerous people assisted a t  vari- 
ous stages in this project. Bob Mas- 
nado provided information needed for 
initially selecting the study lakes. 
Cindy Jerman played an invaluable 
role a s  coordinator of the DNR fish 
grinding work and data reporting for 
the walleyes collected on our study 
lakes. A1 Clary and Sherry Combs gave 
special attention to our sediment chem- 
istry analyses a t  the State Laboratory 
of Hygiene and the UW Soil and Plant 
Analysis Lab, respectively. Ann 
Schachte and Carol Tiegs assisted in 

- -  retrieving data-needed from DNR 
computer files. Ellie Montgomery 
helped analyze the lake chemistry 
data. Nevenah Smith entered the new 
research data into the computer and 
Jean Adams assisted in the statistical 
analyses and report preparation. Doug 
Knauer, Lee Liebenstein, and Tom 
Sheffy gave advice on overall project 
direction and provided useful com- 
ments in early reviews of the manu- 
script. Jerry Wegner and Greg Quinn 
were responsible for conducting the 
fall, winter, and one of the two summer 
lake samplings and for collecting wall- 
eyes on some of the study lakes. Their 
work was greatly appreciated. Bob 
Last and Jeff Reed also assisted on one 
of the summer lake sampling trips. 
Special thanks are also extended to  
Steve Greb for many helpful sugges- 
tions about the data analyses, to Dr. 
Tom Frost for allowing the use of the 
UW's Trout Lake Station in northern 
Wisconsin, and to George Hanson in 
the DNR Northwest District for 
kindly fixing our cracked boat trailer 
frame on such short notice. Funding for 
this project was through the DNR Bu- 
reau of Research and Bureau of Water 
Resources Management. 

Dick Lathrop received an MS in 
Aquatic Ecology from the University 
of Michigan in 1975. He also has done 
graduate work in the Water Chemistry 
Program at  the University of Wiscon- 
sin-Madison. Dick has been a limnolo- 
gist in the Wisconsin DNR Water Re- 
sources Research Section since 1977, 
when he began conducting a long-term 
research study on the limnology of the 
Yahara lakes, near Madison. He has 
also recently completed a research 
project on nitrogen fertilization of a 
hypereutrophic lake. 

Katherine Noonan received a PhD 
in Zoology from the University of Wis- - 

consin-Madison in 1985. Paula 
Guenther received a BS in Zoology 
from the University of Wisconsin- 
Madison in 1986. Terry Brasino re- 
ceived an MS in Water Resources 
Management from the University of 
Wisconsin-Madison in 1984. All three 
were employed as research assistants 
for this project by the Bureau of Re- 
search. 

Paul Rasmussen received an MS in 
Zoology from the University of Wis- 
consin-Madison in 1977 and an MS in 
Statistics from the University of Wis- 
consin-Madison in 1984. He has been a 
biornetrician with the Bureau of Re- 
search since 1987. 

Production Credits 
Stefanie Brouwer, Technical Editor 
Donna Mears, Production Editor 
Wendy McCown, Copy Editor 
Richard Burton, Graphic Artist 
Cheryl Warren and Marlys Foley, Word 

Processors 



No. 138 

No. 139 

No. 140 

No. 141 

No. 142 

No. 143 

No. 144 

No. 145 

No. 146 

No. 147 

No. 148 

No. 149 

No. 150 

TECHNICAL BULLETINS (198% 1988) 

Limnological characterstics of 
Wisconsin lakes. (1983) Richard 
A. Lillie and John W. Mason 

A survey of the mussel densities in 
Pool 10 of the Upper Mississippi 
River (1982). Randall E. Duncan 
and Pamella A. Thiel 

Distribution and relative abun- 
dance of fishes in Wisconsin. 11. 
Black, Trempealeau, and Buffalo 
river basins. (1983) Don Fago 

Population dynamics of wild trout 
and associated sport fisheries in 
two northern Wisconsin streams. 
(1983) Ed L. Avery 

Assessment of a daily limit of two 
trout on the sport fishery a t  M o  
Gee Lake, Wisconsin. (1984) Rob- 
ert L. Hunt 

Distribution and relative abun- 
dance of fishes in Wisconsin. 111. 
Red Cedar river basin. (1984) Don 
Fago 

Population ecology of woodcock in 
Wisconsin. (1984) Larry Gregg 

Duck breeding ecology and har- 
vest characteristics on Grand 
River Marsh Wildlife Area. (1984) 
William E. Wheeler, Ronald C. 
Gatti, and Gerald A. Bartelt 

Impacts of a floodwater-retarding 
structure on year class strength 
and production by wild brown 
trout in a Wionsin coulee stream. 

(1984) Oscar M. Brynildson and 
Clsord L. Brynildson 

Distribution and relative abun- 
dance of fishes in Wisconsin. IV. 
Root, Milwaukee, Des Plaines, 
and Fox River basins. (1984) Don 
Fago 

An &inch length limit on small- 
mouth bass: effects on the sport 
fishery and population of small- 
mouth bass and yellow perch in 
Nebish Lake, Wisconsin. (1984) 
Steven L. Serm 

Food habits of adult yellow perch 
and smallmouth bass in Nebish 
Lake, Wionsin. (1984) Steven L. 
Sems and Michael Hoff 

Aquatic organisms in acidic envi- 
ronments: a literature review. 
(1984) Joseph M. Eilers, Gregory 
J. Lien, and Richard G. Berg 

No. 151 Ruffed grouse habitat relation- 
ships in aspen and oak forests of 
central Wisconsin. (1984) John F. 
Kubisiak 

No. 152 Distribution and relative abun- 
dance of fishes in Wisconsin. V. 
Grant & Platte, Coon & Bad Axe, 
and Lacrosse river basins. (1985) 
Don Fago 

No. 153 Phosphorus reduction via meta- 
limnetic injection in Bullhead 
Lake, Wisconsin. (1985) Richard 
P. Narf 

No. 154 Sexual maturity and fecundity of 
brown trout in central and north- 
em streams. (1985) Ed. L. Avery 

No. 155 Distribution and relative abun- 
dance of fishes in Wisconsin. VI. 
Sheboygan, Manitowoc, and Twin 
river basins. (1985) Don Fago 

No. 156 Aquatic community interactions 
of submerged macrophytes. (1985) 
Sandy Engel 

No. 157 An evaluation of beach nourish- 
ment on the Lake Superior shore. 
(1985) John W. Mason, Melvin H. 
Albers, and Edmund M. Brick 

No. 158 Distribution and movement of 
Canada geese in response to man- 
agement changes in east central 
Wisconsin, 1975-1981. (1986) 
Scott R. Craven, Gerald A. Bar- 
telt, Donald H. Rusch, and Robert 
E. Trost 

No. 159 Distribution-and relative =bun- 
dance of fishes in Wisconsin. VII. 
St. Croix River basin. (1986) Don 
Fago 

No. 160 Population dynamics of stocked 
adult muskellunge (Esoz nuzsqui- 
nimgy) in Lac Court Oreilles, Wis- 
consin, 1961-1977. (1986) John 
Lyons and Terry Margenau 

No. 161 Fish species assemblages in south- 
western Wisconsin streams with 
implications for smallmouth bass 
management. (1988) John Lyons, 
Anne M. Forbes, and Michael D. 
staggs 

No. 162 A compendium of 45 trout stream 
habitat development evaluations 
in Wisconsin during 1953-1985. 
(1988) Robert L. Hunt 

Copies of the above publications and a complete list of all technical bulletins in the series are 
available from the Bureau of Research, Department of Natural Resources, Box 7921, Madi- 
son, WI 53707. 

PUB 1-RS-163 89 


